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ABSTRACT 3

~ o
We have conducted research oo the role of spatial filtering, fecatures, and grouping in texture -
segregation. Our experiments indicate the interploy of two differeat processes. One process -
involves the differential excitation of elongated receptive fields. Texture segregation is a func- B

tion of energy differences (contrest and size) that are largely extracted from the lower spatial ':
frequencies. The second process involves local processes of linking between localized feutures. :'_::

Linking of contours, for example, is a function of contour smoothness, collinearity, orientation,

etc. Theee eflects cannot be explained in terms of low frequency differences. Studies of the
linking of discrete textures have provided convergent evidence for explicit place markers and
the role of similarity of attributes such as color and contrast in establishing these groupiags.
We have .lso examined the role of pairwise linkings, or virtual lines for imposing global organi-
zation on the localized intensity changes. Also, at the level of contour representation within
texture, we have shown the role of the concave cusp, a localized geometric feature, in deter-

mining Ggure-ground assignment ia texture. = ., .
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1. INTRODUCTION

Our overall goal is to develop a model for the representation and proces-ing of texiure ia
human vision. Ip examining some fundamental perceptual tasks including the detection of tex-
ture diff crences and the detection cf geometric structure in tzxture we have found convergent
evidence for two basic types of processing, which implicae two very differnt types of texture
description. On the one hand some tasks appear to be performed in the energy domain, where
variables such 28 contrast and size dominate. Generally for these tasks a representation of
intensity changes in terms of low spatial freq encies seems important. On the other hand, we
bave identified geometric tasks for which the localization of intensity changes and similarity of
their attributes is important. These tasks require the explicit representation of position and
attribute, and in contrast to the former, appear to be independent of low spatizl frequency con-
tent. The subsequent sections of this final report describe in datail the specific energy aad
geometric chasacterist that we have found salient. The organization of the report is sketched in

the following.

Section 2 reports experiments that usc 3 competition paradigm to investigate textiure
segregation. The experiments present evidence for a two component theory cf texture segrega-
tion. The first component is an operator sensitive to the outputs of spatial frequency sensitive
mechanisms. This operator segregates regions acording to diJerences in contrast sign and
differeaces in low spatial frequencies. There is no interaction between positive and negative
contrastz, and strong segregation can occur when there is only a small intensity diference
between textire elements of opposite contrast. If the contrast sign is the same, texture segre-
gation occurs oanly if the shapes of the distributions of low spatial frequency mechanisms
responding differ. Thus, equal size texture elements differing in contrast magnitude fail to
cause textire segregation unless the contrast difference is very large. Low frequency nicchan-
isms may also mask high frequency mechanisms, A small size and a high contrast that stimulate
the same low frequency mechanisms as a large size and a weak contrast fail to cause texture
segregation. tue is a weak feature relative to contrast. That is, hue differences are 2ot
sufficient to cause texture segregation in the presence of contradictory information from con-
trast mechanisms. The second component is an operatcr that agregates texture elements on the
basis of geometric descriptors such as aspect ratio, alignment, contour smoothness etc., and
then segregates regious on the basis of ‘‘emergent featurcs’’. The effects of these variables
cannot be explained in terms of diferences in the response of low spatial frequency mechan-
isms. The linear organization appears to be derived from a nonlinear operator that connects
ncarby focalized spatial tokens.

Secticn 3 provides further evidence for explicit grouping tokens. The evidence is pro-
vided, in pwrt. by experiments that show groupings in dot patterns that are devoid of low spati:d
frequency rentent. Additionally, a rivalry paradigin is used to demonstrate the importance of
similarity of various attributes, giving experimental results that are consistent with the notion o/

explicit grouping tokens, and contrary to the prelictians of various alternative schemes. A
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computstional model of the linking process is examined znd demonsinted on various dot pat-

terns.

Section 4 reporis our finding that figure may be distinguished from gronnd oa the basis of
information provided by concave cusps in image curves. Concave cusps are prevalent in natural
textures, occurring in images wherever the sihouettes of convex, opague cbjects abut or par-
tially ccclude one another. The points of contact between sithouettes present concave cusps,
each indicating the local assignment of figure versus ground acrous tis contour. There are
known tendencies to interpret as figure those regions that are lighter, or smaller or more con-
vex. We show that the concave cusp is another, distinct, determiner of apparent figure-ground
that provides a stronger influence on figure-ground than lightness or size. While concave cusps
are associzted with overlapping convex figures, the salience of the cusy appears to derive from
the local geometry and not from the adjacent contour convexity.
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2. TEXTURE SEGREGATION

2.1 Introduction

Agreement exists that texture segregation derives from the preattentive perceptuzl processcs
that extract information about simple properties such as orientation, size, brightaess, hue, line
endings. etc {Beck, 1966, 1972, 1982; Julesz, 1978; Juless & Schumer, 1981). Preattentive
texture segregation, however, depends not only oo the first-ord:r statistics of these properties,
but also on the orieatation, length, and certain other attributes of organized
structures{ Beck,1983; Beck et al., 1983). Figure 1 shows three regions of five rows each. In
the top and bottom regions the squares are arranged in vertical stripes. In the middle region
the squares are arranged in diagonal stripes. The middle region is segregated from the top =nd
bottom regions, a perception we call tripartite sezregation. Two different processes can be
involved i1n the detection of such structures. Qne is a process that detects the diferential exci-
tation of visual chanpels. By visual chznnels we mean the range of sizes of elliptical receptive
fields. These do not differentiate texture elements from each other or from the background.
They respond to total stimulus energy resulting from averaging a stimulus over different size
spatial regirns. The primitives for tripartite segregation are the outputs of the visual channels.
The second is 2 process that detects differences in the geometric properties of texture elements.
Examples ~f such properties are contour smoothness, contour misalignment, orientation, size,
etc. The eflects that these propertics have can not be explained in terms of low frequency

energy differcuces that result from averazing intensities over spatial regions.

We will first report studies which describe how energy variables such as ictensity, size,
spacing, and hue of the squares and the background aJect tripastite segregation. Second, we
will consider the extent to which the effects of energy variables can be explained in terms of
the differential stimulation of eliiptical receptive fields when a display is convolved with a
difference of Gaussians. Third, we will present data from a different task, in which subjects are
required to detect aline in a random Je!d. This task puts more emphasis on the processes that
make a larger unit (a line) out of smaller elements and less emphasis on noticiug what ele-
ments arc the same or different. Texture segregation occurs as a result of a process which
explicitly koits together, via some ponlinear operation, the local responses to the geometric pro-

perties of the texture elements.

2.2 Tripartite Experimenis 1-5: Equai Size Squares

Figure 2 shows that adding lighter squares can destroy tripartite segregation. One no longer sees
that in the top and bottom regions the squares are arranged in verical stripes, while in the mid-
dle region, the squares are arranged in a checkerboard. There is an impression of overall uniior-
mity. [igure 3 shows that when the backpround intensity is between instead of above the
intensities of the squares, a stable tripartite segrezation occurs. Experiments 1 through 5 inves-
tigated how the intensity, spacing. and hue of the squares and backgrourd affect tripartite segre-

gation.
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Method

Stimult The stimuli were generated by a Symbolics 3600 Lisp machine and dispiayed on a Tek-
tronix €90 SR color monitor. A stimulus consisted of 15 rows and 15 columns of squares.
Each stimulus was divided into three regions, a central section of five rows flanked by a section
of five rows above and below. Columns of squares differing in lightness alternated in the top
and bottom sections while squares of differing lightness alternated within a column in the mid-
dle section. The number of dark and light squares were approximately equal in the three sec-
tions. In the top and bottom sections there were 40 dark and 35 light squares. In the middle
section there were 37 dark and 38 light squares. Except for Experiment 3, the squares were 10
pixels on a side and the separauons between the contours of neighboring squarcs were 14 pix-

els. The displays were viewed from a distance of 6 ft. with a pixel subtending 1.G8 min of arc.

General Procedure. In Experiments 1 and 4, tripartite segregation was evaluated using a combi-
natioa of the method of adjustment and a category rating scale. Five subjects rated the degree
of segregation of a display when the bhackground intensity was between the intepsities of the
darker and lighter squares and when the background intensity was above and below the intensi-
ties of the squares. The above and below intensities were those in vhich subjects judged the

segregation of a display o be minimal.

A subject was first shown a display with the background intensity between the intensities
of the darker (9.2 ft-L.) and the lighter (17.9 ft.-L.) squares. The subject was told that he
would be asked to rate the degree to which the display segmented into three distinct regions on
a 5 point scale from O to 4. A rating of O indicated that the center region did not stand out
from the top and bottom regions, i.e. the top, center, 2nd bottom regions appeared to constitute
a single patiern. A rating of 4 indicated that the center region stood out strongly from the top
and bottom regions. Numbers between 0 and 4 represented intermediate degrees of segrega-
ton. The subject was told that he should look at the display normally and not search for the

center region.

For 3 subjects, the experimenter then increased the background intensity from its initial
value to the maximum value pointing out to the subject that segregation of the display into dis-
tinct regions becomes less clear as the backzround intensity is raised above the inteasity of the
lighter squares. The subject wus told that he would be asked to judge the background intersity
at which the segregation of a display into three distinct regions first disappeared ¢ became )
minimal. He was to do this by having the experimenter raise the backgrcund intensity to a ' 1
value at which the segregation of a display appeared minimal and then to have t“e experimenter q
raise and lower the background intensity about th.s value until he found the !owest background ‘

intensity at which the segregation of a display disappeared or became minimal. The subjct was

told that he would then be asked to rate the degree of tripartite segregaton at this backzround
intensity. A subject was given practice determining the bockground iatensity at which the

segregation of a dicplay became minimal.
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Each subject made 10 ratings of tripartite segregation st the initial between boackground
intensity, 10 judgements of the background inteasity at which tripartite segregation became
minimal, and 10 ratings of display segregation at the background intensity for which tripariite
segregation was judged to be minimal. The between background intensity was varied from tiral
to trial and ranged from 11.2 ft-L. to 16.0 ft.-L. The experimenter then demonstrated that the
segregation of a display becomes worse when the intensity of the background is lowered below
the intensity of the dark squares. The same procedure was followed as when the intensity of
the background was raised. The background intensity was under computer control and could be
vried in 128 steps from .02 ft-L. to 38.0 ft.-L.. For two subjects the order was reversed and
they were run first with decreaseing the background intensity and thea with increasing the back-

ground intensity.

In Experiments 2, 3 and 5, the method of category scaling was used to scale the degree of
tripartite segregation. At the beginning of a session, each subject was shown displays that
segregated strongly, or segregated weakly or not at all. This served to familiarize a subject with
the stimuli to be scaled and to acquaint him with the range of variation. The stimuli were
presented in a different irregular order to each subject. Except for Experiment 3. the five point
rating scale described above was used. The number of subjects and the number of stimulus

presenteation varied with each experiment and will be described below.

Subjects. Subjects in the different experiments were drawn from a pool of twelve people. All

were naive as to the purpose of the experiment and were paid for their participation.
Results

Ezperiment 1. Experiment 1 investigated how the background intensity affected tripurtite segre-
gation. When the background intensity was between the intensities of the squares, texture
segregation occurred. The mean of subjects’ segregation ratings was 2.5 with a standard devia-
tion of .68. As shown in Figure 2, raising the background intensity above the intensity of the
squares interferes with tripartite segregation. The mean intensity value at which subjects
reported tripartite segregation to disappear was 25.9 (t.-L.. The mean of subjects’ ratings of tri-
partite segregation at the disappearance values was .6 with a standard deviation of 09. It is
important to note that the lightness difference between the lighter and darker squares is readily
discriminable, Texture segregation and the discrimination of lightaess depend upon different

mechanismns.

Figure 4 shows that lowering the backzround intensity below the intensity of the darker
square also decreases tripartite segregation. (Tripartite scgregation may not disappear as com-
pletely in Figure 3 as in the laboratcry because light adaptation raises the eective iutensity of
the background.) The mean intensity value at which subjects reported tripartite segregation to
disappear was 6.2 ft-L.. The mean of subjects’ ratings of tripartite segregation at the disappear-
ance values was .16, with a standard devialion of .30. The ratio of the background intensity to
the high-square intensity at which tripartite segregation disappeared when the background

0y
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intensity was above was similar to the ratio of the low-square intensity to the buckground inten-
sity when the background intensity was below, a ratio of approximately 1.5.

Ezperiment 2. Figure 5 shows that a display consisting of lighter and darker squares on a white
background can give a stable tripartite segregation. TlLe lightness difference between the lighter
and darker squares, however, has to be large. Our research indicates that the lightness
difference has to be between three and five Munsell steps depending oa the inteasity of the
background and the intensities of the lighter and darker squares. Experiment 2 was undertaken
to investigate how segregation depends on the background intensity aad the intensities of the

two squares.

The high-square intensities were set at 12.5, 14.7, 15.6 and 20.8 ft.-L. For each intensity
of the high-square, the low-square intensities were varied to give 6 high- to low-square intensity
ratios of 1.3, 1.8, 2.5, 5.2, 33 and above 700. At the highest ratio, the low-square intensity was
017 ft-L., and its ratio to the high-square ranged from 734 to 1224. The background intensity
was set in between the high- and low-square intensities and above the higu-square intensity.
There were four intensity ratios of the background to the high-square when the background
intensity was above: 1.2, 1.5, 1.7, and 2.0. An additional condition was raa when the back-
ground to high-square intensity ratio was 1.2. The high- to low-square intensity ratio was 1.16.
There were, thus, 25 experimental conditions with the background intensity between tiie high-

and low-square intensities and 25 experimental conditions with the background intensity above

the high- and low-square intensities. A trial consisted of the following sequence: 2 blank field,

- .. P
. LN v e e T
., R I

a stimulus presented with the background intensity betwen that of the low-square and high-
square intensities, a blank field, a stimulus presented with the background intensity above that
of the high- and low-square intensities. The stimuli and blank fields wers presented for a dura-

PR S B B )

tion of 1,000 msec. The 25 conditions with the background above were randomly intermixed

with the 25 conditions with the background in between. Six subjects served in the experiment,

each making 5 ratings of each stimulus.

Figure 6 shows the mean ratings when the background was betwee:: the high- and low-

square intensities. Rated tripartite segregation was constant and decreased only when the high-

to low-square intensity ratios were 1.2 and 1.3. At these intensity ratios it is difficult to see the

individual squares, but segregation of the region is still seen. Figure 7 shows the mean ratings

when the background was above the high and low square intensities. Tripartite scgregation is a
function of the ratio of the background intensity to the high-square intensity and of the high-
square intensity to the low-square intensity. An analysis of variance revealed that the back-
ground to high-square intensity ratio [F (3, 15) = 38.4 p < .01}, the high- to low-square inten-
sity ratio [F (5, 25) = 40.3 p < .01] as well as the interaction between the background o
high-square intensity ratio and the uigh to low-square intensity ratio [F (15, 75) = 5.80 p <
.01] were significant. When the background to the high-square intensity rario was 1.2, tripartite

segregation greatly improved with increzses in the ratio of the high to low-square intensities. As

the ratio between the background and bigh-squore intensity is increased, the rauo between the .._‘_'
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high-to low-square intensity needs to be increased for tripartite segregation to occur. V.'hen
the ratio of the high- to low-square intensity is above 1.7 or 2.0, tripartite segregation is weak
even when the intensity ratio between the high- to low-square intensities is very large.
Differences in lightness which are easily seep when individual lightnesses of the squares are

compared fail to give tripartite segregation.

Ezperiment 8. Figure 8 shows that tripartite segregation is strong when the separation betwen
the contours of squares is 2 pixels rather than 14 pixels. This is to be expected. What is
important is that tripartite segregation now no longer depends on the intensity of the back-
ground. Figure 9 shows that tripartite segregation occurs strongly when the background inten-
sity is above that of the squares, and Figure 10 shows that it occurs strongly when the back-
ground intensity is below that of the squares. The basis for tripartite segregation is different
when the squares are very close. Experiment 3 investigated how the spatial separation of the
squares affects tripartite segregation when the background intensity was between and when the
background intensity was above that of the squares.

Two conditions in which the background intensity was between the intensities of the
squares and three conditions in which the background intensity was above the intensities of the
squares were combined with five spatial separations. The between background intensities were
set half-way between the intensities of the high-and low-squares. The high-square ivionsity was
set at 26.0 ft.-L. and the low-square intensities were varied to give high- to low-square ratios of
1.4 and 1.8. [n the above background conditions, the intensities of the background and high-
square were set at 38.0 ft.-L. and 26.0 ft.-L. The low-square intensities were varied to give
high- to low-square intensities of 1.4, 1.8, and 1040. The three ratios with the background iten-
sity above were judged to produce threshold, weak, and strong segregation with a contour to
contour separation of 14 pixels. The contour to contour spatial separations of the squares were
2, 6, 10, 14, and 18 pixels. The stimulus with a high to low-square intepsity ratio of 1.4, the
background intensity between, and with a 14 pixel contour to contour spatial separation served
28 3 standard and was assigned 2 value of 5. It is shown a8 a triangle in Figure 11. Subjects
were instructed to rate the degree of segregation on an 11 point scale from 0 to 10. The stan-
dard was presented on each trial. A trial consisted of the followin sequence: a blank field,
standard stimulus, a blank field, and 2 comparison stimulus. The durations of the blank fields
and stimuli were 1000 msec. Ten subjects served in the experiment making five raungs of each

stimulus.

Figure 11 shows the means of subjects' tripartits segregation ratings. Tripartite segrega-
tion was consistently rated to be better when the background intensity was between than when
the background intensity was above. Separate aaalyses of variance were conducted with the
background intensity above and with the background intensity between. When the background
intensity was between, spatial separation [F (t, 36) = 136.3 p < .01|, and the ratio of the
high- to low-square intensity [F (1, 9) = 17.1 p < .01] were significant. The spatial separation
by *he ratio of high- to low-square intensity was not significant (F (4, 36) = 2.4 p < .05].
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When the background intenity was above, spatial separation [F (4, 36) = 157.9 p < .01]. the
ratio of the high- to low-square int = y [F (2,i8) = 1€9.4 p < .01}, and the separation by
high- to low-square iatensity were significant [F (8, 72) == 13.8 p < .01]. The interaction
reflects the fact that the rated segregation when the ratio of the bigh- to low-square iatensity
was 1040 decreased gradually with spatial separation similar to that which occurs when the back-
ground intensity was between. When the ratios of the high- to low-square intensities were 1.4
and 1.8, rated tripartite segregation was stroi:g only with a 2 pixel separation anu decreased

strongly with increasing spaual separation.

Ezperiment 4. The procedure in Experiment 4 was the same as in Experiment 1. Subjects were
instructed to report when the tripartite segre¢ation became minimal or disappeared when the
background intensity was raised from between to above and below that of red and ;:cen
squares. The intensity of the red squares was 6.4 {t.-L ., and of the green squares was 18.0 ft.-
L. The background intensity ranged from 31.5 to 16.0 ft.-LL. The mean of subjects’ tripartite
segregation rztings was 2.4 with a standard deviation of .60. The mean intensity of the back-
ground for whicu tripartite segregation was reported to disappear when it was raised above the
intensities of the squares was 25.8 ft.-L. Subjects’ mean ratings of tripartite segregation was .12
with a stundard deviation of .27. The mean intensi.y of the hackground at which tripartite segre-
gation was reported to disappear when the hackground intensity was decreased was 3.7 ft.-L.
The mean of subjects’ tripartite segregation ratings was .2. One can see the difference betwen
the red and greea squares, but this is not sufficient to segment the stimulus into disunct
regions. (ne has to search out the vertical columns of red and greeu squares present in the tnp
and bottom regions and absent in the middle region. Though red and green are opponent
colors (that is, coded as opposites by the visual system), a white background fails to segregate
red and green squares in the same way as a gray backgrcund segregates squares whose intensity

is greater than the background from the squares whose intensity is less than the background.

Following the judgments with the red and green displays, the subject scaled the degree of
segregation of red and blue squares oa a purple backgrouud and of vellow and blue squares on
an achromatic background. Figure 12 shows red and blue squares with the background inten-
sity between. Tripartite segregation is strong. Tigure 13 shows the same red and blue squares
with the background intensity above. Tripartite segregation haa been greatly lessened. The
order of presenting the red and blue square displays, and the yellow and blue square displays
were alternated. The background intensity was .ot between and above the intensities of the two
squares. The red squares were 2.8 ft.-L. and the blue squares 1.1 ft-L.. When the intensity of
the purple background was in betwen 1.5 ft.-L., the mean segrezatiop ratings was 2.6, When
the purple background inteasity was raised to 5.5 ft.-L., the menn rating for segregation was .6
Red aad blue squares on a purple background whesee intensity is greater than that of the -»d
and blue squares fails to produce segregaton, though phenomenally ted i1s to one side of purple
and blue is to the other side of purple. Similar resulis were whcuned with the vellow and blue

squares. The intensity of the biue egquare was 27 ft.L. and of th> yellow <qures 16.2 [t.-L.
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The intensity of the background when between was 11.9 ft-L. aad when above 32.0 ft.-L.. The
mean segregation rating when the inteasity of the hackground was betwen that of the yellow
and blue squares was 3.2 and when the intensity of the background was above that of the yel-
low and blue squares .80. Thus, tripartite segregation depends on a qualitative difference, sign
of the contrast in the luminance system, and not on a qualitative difference in the hue system
or in 3 phenomenclogical classification. As with achromatic squares, strong tripartite segrega-
tion occurs with tae background intensity above wuen the yellow and blue or red and blue

squares are separated by 2 rather than by 14 pixels.

Ezperiment 5. Ordinarily, similarity of hue is effective in producing grouping (Treisman, 1982).

Why do not the squares in the top and bottom rezions of the tripartite display group into
columns on the basis of hue? Experiment 5 was undertaken to determine whether tripartite
segregation would occur when the red and blue squares and the background are made iso-
luminant. The procedure was the same as in Experiment 1. Five subiccts were asked to report
when segregation disappeared or was minimal when the background was increased in intensity.
Each subject made ten judgments. The red and blue squares and background were set at 1.4
ft.-L. and at 2.8 ft-L. The order in which the two intensities were presented were alternated.
The mean intensity at which segregation disappeared when the red and blue squares were 1.4
ft.-L. was 3.4 ft-L.. and when the red and blue squares were 2.8 ft-L. was 6.3 ft.-L.. When the
luminances of the achromatic background and the red and blue square were equated, at either
1.4 ft-L. or 2.8 {t.-L. tripartite segregatinn occurred. The mean rating when the squares and
background were 1.4 ft.-L. was 2.1 v»iith a standard deviation of .73, and when the squares and
background were 2.8 ft.-L. 2.3 with a standard deviation of .97. These means do not differ
significantly. The mean tripartite segregation ratings when the background intensities were
raised above that of the squares was 0. Hue differences can give tripartite segregatica but that
tripartite segregation based on hue differences are overridden by the similarity in contrast when

the background is above or below that of the squares.
2.3 Trivartite Experiments 8-8: Unequal Size Squares

Experiments 6 through 8 studied tripartite segregation resulting from size differences. The

squares were the same in lightness and differed in size.
Method

The procedure was the same a8 in Experimcat 1 through 5. Columns of large and small
squares alternated in the top and bottom regions. Large and small squares alternated within a
column in the middle region. Except for Experiment 8, the large squares were 16 pixels on a
side, the <mall squares 8 pixels on a side, and the separation between the contours of ncigkbor-

ing squures 12 pixels.

zpenn.ent 6. Figure 14 shows thst a size difference produces tripartite segregation. The back-

ground integ:ity was 22.0 ft-L. . 1d e intensities of the large and amall squares were 13.8 ft.-
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L. The mean segregation rating was 2.6 with 3 staudard deviation of .71. Figure 15 shows the
same display when the small squares are mmade darker. Tripartite segregation is lesseaed. The
mean intensity vaiue at which subjects reported tripartite segregation to disappewr was 4.7 ft.-L.
The mean of subjects ratings of tripartite segregation was .58 with a stendazd deviation of .45.
Increasing the intensity of the large squares and thereby decreasin ; their contrast ziso decreased
tripartite segregation. The mean intensity value at which subjects reported tripartite segregation
to disappear was 23.0 ft.-L. The mean of subjects rating of tripartite s:gregstion was .24 with a
standard deviation of .43. Similar results were obtained with a black background. Figure 16
shows that tripartite segregation occurs whep the large and small squares are of equal intensity
with a black background. The background inteasity was .02 {t.-L. and the intensities of the
large and small squares were 5.5 ft.-L. The mean of the five subject sezregation rating was 2.5
with a standard deviation of .51. Tripartite segregation is lessesed. The¢ mean intensity value
of the small squares at which subjects reported tripartite segregation to be minimal was 14.6
ft.-L.. The mean of subjects ratings of tripartite segregation at this intensity value was .4 with a
standard deviation of .55. Tripartite segregation is also decreased when the large squares are
made darker. This is shown in Figure 17. The background was again set at .02 {t.-L. and the
small and large squares initially were 5.5 ft.-L. The mean segregation rating at these values was
2.1 with a standard deviation of .48. The mean intensity value at which subjects reported tripar-
tite segregation to be minimal was 1.1 ft.-L. The mean of subjects ratings of tripartite segrega-
tion at this intensity value of the large squares was .1 with a standard deviation of .3.

Ezperiment 7. In Experiment 7 there were two sizes of the smal!l squares. The large square was
16 pixels on a side; the small squares were either 8 pixels on a side or 6 pixels on a side. The
contour to contour separation between the squares was either 12 pixels or 2 pixels. The inten-
sity of the small squares was set at 21.0 ft.-L.. The inteasities of the large squares were varied
from .14 to 38.0 ft.-L. For the stimuli with a 12 pixel separation, there were 5 intensities of
the large square; .14, .61, 1.6, 4.9, and 38.0 ft.-L.. For the stimuli with a 2 pixel separation,
there were 3 intensities of the large =quares: 1.6, 4.9, and 38.0 ft.-L.. The stimuli were paired
according to both the size of the small square and the spacing between the squares. [n a given
trial, for example, a display with an 8 pixel small square and a 12 pixel spacing was presented
with a display with 2 6 pixel small squares and a 12 pixel spacing. A trial consisted of the fol-

lowing sequence. A blank field, the first stimulus, a blank field, and a second stimulus. The
stimuli were presented for 26CC msee and the blank felds for 1000 msec. The order of
preseating displays with an 8 pixel square and a 6 pixel small square were counter balanced.
Subject made ten scaling judgments. The intensity of the blank ficld was 38.0 ft.-L. and the
background in:~nsity was 02 {t.-L.

Figure 13 presents the resui's. Tripartite segregation was strong with a 2 pixel separation

and varied relatively iittle a3 a fuuction of the luminance of the large squares. An apalysis of
variance revealed that lumiuance [F (2, 18) = 17.8; p < .01] and size |7 (10, 4) = 20.0; p <

.01] as well us the luininance hy size interaction |F (2, i8) = 6.4; p < .01] were significant.
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Increasing the luminance of the large squares improved segregation for both the 8 pixel and 6 “J
pixel small squared displays. Also, as would be expected, tripartite segregation is stronger with -

the 6 pixel small squares than with the 8 pixel small squares. The analysis of variance with a 12
pixel separation revealed that luminance [F (4, 36) = 55.5; p < .01] and the luminance by
size interaction [F (4,36) == 24.6; p < .02] were significant. The main variable of size was not

: significant {F (1, 9) = .43]. With a 12 pixel separation, decreasing the luminance of the large ':
squares lessened tripartite segregation for both the 8 pixe} and 6 pixel small squares, but not as >
much for the 6 pixel square as for the 8 pixel square. We should expect a crossover between '»
the mean ratings for the 8 pixel small square pattern and the 6 pixel small square pattern. f::
Above the equal energy point, the energy of the 8 pixel small square is more similar to the '::
energy of the 16 pixel large square, while below the equal energy point, the energy of the 6 iy

- pixel small square is more similar to the eneergy of the 16 pixel large square. The ratio of the _-

areas of the 8 and 6 pixel squares is 1.8. The ratio of the large-square luminances giving

minimum tripartite segregation for the 8 pixel and 6 pixcl small squares was 2.7.

Ezperiment §. Experiment 8 was undertaken to examine whether tripartite segregation would
occur when low spatial frequencics are removed. The displays consisted of the 16 pixel squares
and 8 pixel squares on a black background, .02 ft.-L. The stimuli were: (1) an unfiltered 7
display in which the luminances of the large and small squares were 38.0 ft.-L., (2) this display
in which all frequencies below 14 cycles per degree were removed, (3) a display in which the
luminances of the small squares were 38.0 {t.-L. and the luminance of the large squares were

14.3 ft.-L., (4) this display in which all frequencies below 14 cycles per degree were eliminated. -

Seven subjects served in the experiment. Each subject made 10 judgments of each of the }:
displays. In addition to the four stimulus displays four additional displays , two filtered and two :.
unfiltered were added to increase the size of the stimulus set. A stimulus presentation con- -

sisted of two filtered and unfiltered displays. A stimulus presentation consisted of a fixation
stimulus for 2000 msec., a mask for 250 msec., a stimulus for 1000 msec., and a post-stimulus
mask which continued until the sybject made their scaling response.

The mean of subjects ratings for the unfiltered equal luminance stimulus was 2.4 with a o
standard deviation of .54 and when the large squares were made brighter 1.2 with a standard :
deviation of t.4. Figure 19 shows a high pass filtered image of the stimulus in which the large
and small squares are equal in intensity. All frequencies below 14 cycles per degree have been
removed. Tripartite segregation is greatly reduced. The mean of subjects’ tripartite segregation
ratings was .6) with a standard deviation of .36. Figure 20 shows a highpass filtered image of
the stimulus in which the large squares was set at the mean intensity for which tripartite segre-

gation was judged to be minimal in Experiment 8. The mecan of subjects segregation ratings are

pow 3.3 with a standwd deviation of .66. Thas, if 3 pattern which fails to produce segregation
because the large and small squares have been adjusted to the same average contrast is filtered -
to remove all spatial frequencies below 14 ¢/deg, the resuiting pattern is immediately secn as
segregated. High spatial-frequency information in the absence of conflicting low spatial-
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frequency information may be sufficient to produce tripartite segregation even though low-

spatial-frequency information - when present - dominates and prevent it.
2.4 Discussion

How are the eflects of energy variables to be explained? The results of the experiments with
large and small squares shows that a dilerence in size can be canceled by a difference in con- .
trast. The large dim and the small bright squares would elicit the same magnitude of response

from large receptive fields. An observer does not see tripartite segregation if the squares’ lumi-

nances have been adjusted so that their ‘energies’ (contrast times size) are equal. Since the

small and large squares differ in their higher frequencies, this is 2n example of low frequencies

masking both a size difference and higher frequency energy differences. The experimental

results with the tripartite display indicate that if there is low spatial-frequency information

present in the stimulus, an observer perceives good tripartite segregation if and only if the two

squares elicit sufficiently different responses from the low spatial-frequency mec - -isms.

Bandpass filtering various patterns that do and do not produce tripartite segregation support our

hypothesis with the unequal square displays.

Figure 16 shows the large and small squares with the same intensity on a black back- .
ground. Tripartite segregation occurs. Figure 21 shows the bandpass filtered image when the ,
stimulus is convolved with a difference of Gaussians. The excitatory and inhibiting signals
differ by a factor of 2. The excitatory sigma, approximately 4 pixels, was half the width of the
small squares, and the inhibitory sigma the width of the small squares. The bandpass filtered
image shows how elliptically oriented receptive firlds would be stimulated by a pattern. The
bandpass filtered image shows, as one would expect, that the top and bottom regions would e
stimulate verucally oriented receptive fields more strongly than the middle region.

Figure 17 shows the display in which tripartite segregation was reduced by decreasing the
intensity of the large squares. Figure 22 shows the result of convolving a stimulus using the
ratio of th~ logarithms of intensitics of the large and small squares. The chosen intensity
values were equal to the intensity values at which subjects reported tripartite segregation to be
minimal. The bandpass filtered image shows that when the intensity of the small squares is
increased relative to the intensity of the large squares, elliptical oriented receptive fields in the
top and bottom regions and in the middle region would be more equally stimulated. Tripartite
segregation is greatly reduced. Figure 23 shows the bandpuss filtered image when the separa-

tionp between the squares is 2 pixels. Sicce the large squares and the small squares are closer to
each other in the vertical direction than in the horizontal direction, spatial averaging would
cause vertically oriented bar detectors to be stimulated in the top and bottom regions but not in :
the middle region. Tripartite segresation no longer depends on the intensity of the background
because the visual system signals the presence of vertically oriented blobs in the top and bot-
tom regiors but not in the middle region. Orieated blobs have been shown to be important in

texture segregation but bhave never been defined precisely. Low frequency blurring may, in
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fact, constitute the definition of an orieated blob.

Figure 14 shows the lurge and small squares with the same intensity ca a white back-
ground produces tripartite segregation. Figure 24 shows the bandpass filtered image. The
image shows that the top and bottom regions would stimulate verticaily oriented receptive fie'ds
more strongly than the middle region. Figure 15 shows the display in which tripartite segrega-
tion was reduced by decreasing the intensity of the small sqnares. Figure 25 shows the resuit of
convelving a stimulus using the ratio of the logarithms of intensities of the large and small
squares. The chosen intensity values were equal to the mean values at which subjects reported
tripartite segregation to be minimal. The bandpass filtered image shows that when the intensity
of the small squares is decreased relative to the intensity of the large squares, elliptical orienied
receptive fields ic the top and bottom regions and the middle region would be more equally
stimulated. Tripartite segregation is greatly reduced.

Figure 26 shows a tripartite pattern in which the small squares are 6 pixels rather than 38
pixels. Figure 27 shows the same pattern in which the large squares have been reduced to the
same intensity as in the previous pattern in which the small squares were 8 pixels. Tripartite
segregation is stronger with the 6 pixel small squares than with the 8 pixel small squares (com-
pare Figures 27 and 17). Figure 28 shows the bandpass filtered image. As one would expect,
vertically oriented receptive fields are stimulated more strongly in the top and bottom regions
than in the middle region. Figure 29 shows the tripartite pattern when the intensitues of the
large zquares have been further reduced. Tripartite segregation is lessened. Figure 30 shows
the bandpass filtered image. When clliptically oriented receptive fields are stimulated equally in
the top, middle and bottom regions, tripartite segregation is minimal.

We now turn to the experiments with equal size squares. Figure 31 shows that when the
background intensity is between tripartite segregation occurs strongly even when the high- to
low-square intensity ratio is small. Sign of contrast is a feature and averaging occurs separately
for positive and negative coatrasts. Figure 2 shows that differences in lightness which are easily
seen when the lightaesses of individuul squares are compared fail to give tripartite segregation
when the contrast sign ts the same. With contrast sign the same, tripartite segregation occurs
only when the ratio of the background intensity to the high-square intensity is less than 1.7 (see
Figure 7). Large contrast differences are also required except when the contrast difference
between the background and the bigh-square is small. [n that case, bandpass filtering destroys
the lighter square. Averaging causes the lighter squares to be absorbed by the background.
Magnitnde of contrast is not a fcature. Tripariie segregation occuss only when there is 3
difference in the distributions of the different size receptive fields stimulnted in the top and bot-

tom and in the middle regions.

When the background intensity was above, tripartite segregation occurred stroagly only
with 2 2 pixel separation when the high- to low- square ratios were 1.4 and 1.8 (see Figure 11).
Rated sezregation decreased steepiy with larger seporation. Figure 9 shows a stmulus with a 2

pixel sepasition cn a3 white background, and Figure 32 shows the bandposs filtered image. The
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low frequency channels would signal vertically elongated blobs in the top and bottom regions.

Why does a difference in hue fail o produce tripartite segregation? We found that when
the background and squares are made isoluminant, tripartite segregation occurs. As the back-
ground intensity is raised above the intensitites of the squares, tripartite segregation is lessened.
Increasing the intensity of the background causes the achromatic receptive fields to respond.
Because of the regularity of the tripartite pattern the receptive fields respond uniformly in all
directions. Hue is a weak feature relative to energy. Hue differences will cause the squares in
alternate columns in the top and bottom regions to link il not overriden by the achromatic
receptive fields which respond equally in all directions.

2.5 Line Detection: Experimenta 9-11

We have also studied how geometric propertics affect preattentive grouping. Tripartite segrega-
tion can also occur in terms of emergent properties that result from the linking of texture ele-
ments (Beck et al. 1983). An example is the length of a line made up of broken segments.
The paradigm we have used requires subjects to judge whether the line in the center of a
stimulus was vertical or horizontal. Figure 33 shows an example of the displays used. The
stimuli were presented on the Symbolics monitor and were flashed for 150 msec. They were
viewed from a distance of 6 ft. with a pixel subtending 33 sec of arc. Ten subjects made 15
judgments of each stimulus. We recorded both reaction time and errors. The two meusures

closely agreed, and we shall report only the resction times.

Experiment 9. Figures 34 and 35 show the variables investigated. One variable was element
orientaticn. Figure 34 shows a square (6.6 min on a side) which has no orientation, (2) a
weakly oriented rectangle (8.8 min x 5 min) and (3) a moderately oriented rectangle (10 min x
4.4 min). A second variable was the alignment of the element edges with the grouping axis.
Figure 35 shows a blob stimuli derived from the bar stimuli by adding and subtracting pixels
from the boundary. A third variable was the arrangement of the elements in a line. Figure 36
shows the arangement in which the elements {the weakly oriented rectangle) were arranged so
that their axes were aligned (collinear) with the line. Figure 37 shows the arrangement in
which the direction of the line is orthogonal to the orientation of the bars. Figure 38 shows the
collinear zrrangement of the weakly oreinted blob. The corresponding bar and blob stimuli were
indistinguishable when they were convolved with a Gaussian with a sigma of 2 pixels.
Diflerences in the grouping of the bars and blobs cannot be xplained in terms of low frequency

energy differences.

Figure 39 show the mean reaction times. Both bar and blobs were detected more quickly
when oriented [F (1, 9) = 15.2 p < .01]. There was also a significiant interaction between
contour alignment and arrangement |[F (1, 9) = 5.7 p < .05]. Bars were detected more quickly
than blobs when the direction of the bars and blobs was the same as the direction of the line
(collinear arrangemect). On the otler hand, blobs were detected more quickly when the direc-

tion of the hars and blobs were orthotonal to the orient~tion of the line (orthcsonal
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arrapgment). Orientation and smoothress of countour faciliteted grouping the icdividual bars

into a long bar when the orientation of the bars was collinear with the direction of the line.

Ezperiment 10. The variable of contour alignment was further investigated in Experiment 10.
Figure 33 shows a stimulus in which the sqnares in the line are aligned. Figure 40 shows a
stimulis in which the squares in the line have been laterally displaced by 25 percent of their
height (four pixels). Exveriment 10 compared thes detection of a line wken the line was com-
posed of either squares or circles in which the circles and squares were aligned and in which
they were laterally displaced by 12.5, 25, 37.5, and 50 percent of their height. Figure 41 shows
the mean raction times. The reaction times increased with lateral displacement [F (3, 27) =
29.4 p < .01}, and the reaction times for circles were significantly greater than for squares |F
(1, 9) = 10.5 p < .01]. This confirms again the importance of contour in the groupiug direc-

tion.

Ezperiment !!. Figure 42 show that mean reaction times were unalected by stimulus scaling.
That is, when the squure size, lateral displacement, and the square separation were increased
proportiocally, the reactior time remained approximately coastzat. This indicates that the
relevent varizble is the relative orientation of the squares. The decrease in reaction time with
stimulus scaling when the squares were coliinear suggests that size is more important than
separation for linking contours. The relative orientation of the squares also remains the same
when the size of the squares are kept the same if the lateral displacement covaries with separa-
tion. However, under these conditions the reaction times increased. The grouping of squares
is a function of their size and separation. Experiments 9 through 11 suggest that texture segre-
gation can occur a8 a result of processes which link the contours of texture elements to produce

new emergent properties.
2.8 Concluslons

The expcriments preseni evidence for a two component theory of texture segregation. The first
component is an operator sensitive to the outputs of spatial frequency sensitive mechanisms.
This operator segregates regions according to differences in contrast cign and differences in low
spatial frequencies. There is no interaction between positive and negative contrasts, and strong
segregation can occur even when there is unly a small diTerence between the high and low
intensity squares when the intensity of the background is in between. If the contrast sign is the
same, texture segregation occurs only if the shapas of the diswibutions of the low spatial fre-
quency mechanisms responding differ. That is, high frequency diferences are not sufficient to
cause scgregation in the presence of contradictory information from low frequency mechanisms.
Thus, size and contrast czn cancel. A small cize and a high contrast that stimylate the same
low frequency mechanisms a8 a large size and a weak contrast f2il to couse texture segregation.
Equal size squares that differ in countrast magnitudew will pot sanse texture segregation unless
the contrast differcuce is very large. Diderences in contrast magnitude unless very larg, do not

change the shape «f the distribution of icw spatial frequency mechsnisms responding. Thus,

St o L W TR WIS WU W Y WA T

B

S ade S




A Aai an Bt ad o A d Ao Al il Bullad e d ol e 4 te AN ahe A St

A e et din > et et 2t Sab el Ser Jiet Sh N dated

Fioure 40




58

[y d4nby 4

(940 JO 23S ¢¢ = |axid |)
S|3xXid Ul juswiadp|dsi] |D134D7)

8 9 17 é
I | ] 1

U /Y FIREEPE  CRESSNERT XA

0\ - S3J241)
saionbg

EANN
NN

0S9

—0G.

—0G8

—0G6

(oasw) awi] uoI4oD3Y




M BACAS A A R Sl Sl Bk Ak sk anid

59

BRI A A At Al Ad S el S i s ek M Dol v

Zp danb )
(%40 jO0 J38s ¢¢ = |axd |)
Sjaxid ut azig aipnbg
2¢ v 9l 8 0o
1 | | | L\«
——— padD|dsig Aj|piaioT g
1D3u1})0D

VP -y S G T T St T 4 .‘_.J

-

U T .
B @ e o o=

[ 0GG

009

PR DU U PP Wi S U Y ST P A

—0G9

SWwi| UoID3Y

| 002

(93swW)

—0G.L




reudly discriminable differences in lightness fail to cause texture segregation. Texturs sezrega-
tion and the discrimination of lightness involve different mechanisms. Differences in contast
magnitude do cause texture segregation with very close spacing because a new element, bar
detectors, are now stimulated. Hue is a weak feature relative to contrast. That is, hue
differences are not sufficient to cause texture segregation in the presence of contradictory infor-
mation {rom contrast mechanisms. Tue second component is an operator that aggregates tex-
ture elements on the basis of geometric descriptors such s aspect ratio, alignment, contour
smoothness etc., and then segregates the regions on the basis of "emergent” properties. The
efifects of these variables can not be explained in terms of differences in the response of low

spatial frequency mechanisms. Th: .inear organization appears to be derived from a poniinear

operator that connects nearby localized spatial tokens.

Our present work is concerned with ¢2fining more precisely the shape differences in the
outputs of the low frequency mechanisms that causes texture segregation, the necessary and
sufficient conditions for texture aggregation to occur, and the interaction (if any) between the
spatial frequency and aggregation mechanisms in textare segregation.
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3. DETECTING STRUCTURE BY SYMBCLIC CCNSTRUCTIONS ON TOKENS

3.1 Introduction

In this section we repoct evidence that geometric organization in texture emerges by construc-
tions on symbolic tokens that represent the consituent elcmenis [Stevens £ Brookes 1986). In

a dot pattern, for example, the individual dots are represented as discrete items and given attri-

butes including color, size, and contrast. The organization in the dot pattern emerges by opera-

tions on these items and not the original retinal intensity distribution.

The notion of discrete grouping items or tokens was tacit, by and large, in the Gestalt
demonstrations of similarity grouping | Wertheimer 1923; Koehler 1929; Koffka 1935]. Later, it
was specifically proposed that groupings involved ‘‘place markers” |Attneave 1974] or “‘place
tokens’’ Marr [1976, 1982], which individually carry information about position and attributes
such as contrast, color, size and orientation (see alsc Ullman’s [1979] grouping tokens for

motion correspondence). A primitive operation on place tokens would be to group tokens pair-
wise, with the pairing represented by a ‘‘virtual line’’ [Attneave 1974; Marr 1976, 1982;
Stevens 1978|. Similarly, Caelli and Julesz [1978] discuss ‘‘local dipoles’ between neighboring
dots in texture discrimination. While virtual liaes do not manifest apparent contrast (s do sub-

jective contours) they nonetheless seem to make orientation and separation visually explicit.
Attneave (1955, 1974] has found evidence for position and orientation judgements mediated by

place tokens, and recently Beck and Halloran [1985] have suggested tha: virtual lines might play

a role in vernier acuity judgments. It is rot clear from such experiments, however, whether the

position markers that seem to mediate attentive, foveal judgments of relative position and

orientation under scrutiny are the same ‘‘place tokens’’ that have been proposed for early visual

processing of texture. There are alternative models for how groupings might emerge in texture

that do not require explicit position markers.

A common proposal is that elongated receptive field mechanisms such as simple cells

detect collinear organization in discrete patterns, without need for explicitly marking the consti-

tuent items. Instead, the receptive field would compute some epatial average by means of an

arrangement of excitatory and inhibitory subfields, and the structure would be revealed by

means of the receptive fleld’s orientation selectivity. Hence while groupings seem to naturally

require some explicit representation of the constituent elements, receptive field mechanisms

seem able to detect their alignment without distinguishin3 the individual elements.

Arguing the case for place tokens would benefit from a more precise definition of what

might constitute a place token. Thus far, however, the argument for place tokens has been

largely intuitive, with little discussion regarding what specific intensity events or features might

define place tokens. Hence the approach we have taken is to canture the central notion with

the following dichotomy: either the perceptual grouping of discrete items either distinguishes

them ws individual entities, or not. The former implies place tokens, the latter reduces to, in

effect, spatially blurring the discrete pattern into a continuous distribution. Specific proposals
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involve summation of dot energy within simple-cell receptive fields (see below). Evidence
against such schemes would constitute indirect evidence for place tokens. We will show the
inadequacy of spatial blurring schemes in general, and sketch an argument supporting this
finding, and specifically show cases where the simple cell model is inadequate. That is, various
patterns can be constructed in which the linear organization is visually apparent but for which
elongated receptive fields of the simple cell variety would be ineflective. Our interpretation is
that the visual system in those cases extracts the organization by means of place tokens. It
should be stressed that the evidence does not rule out the simple cell model for detecting dot
pairings and collinearity, but rather shows where it is an inadequate explanation. Our goal has
been to examine the primitives of a class of perceptual grouping, and in so doing to pry apart
various ideas about neural mechanism from the more basic issues of what computations must

be performed.
3.2 The Place-Token Hypothesls

At an early stage of processing, the visual system generates an array of local intensity descrip-
tors, each of which describes the iatensity change (e.g. bar or edge of given contrast, orienta-
tion, and so forth) occurring at the corresponding retinal position. Marr [1982] refers to this as
the raw primal sketch (RPS). It corresponds to the stage at which LGN X-cell input (pri-
marily) is interpreted both spatially and across scales in order to localize and describe intensity
features. The RPS is local and unarticulated — the constituent assertions (e.g. of edge or bar)
are not organized into larger ensembles, and their spatial arrangement is anknown (e.g. the
local connectivity among adjacent edge or bar segments remains implicit). Using Marr’s [1982]
terminology, the full primal sketch (FPS) refers to the image description at which structure is
explicitly represented and the local intensity changes are organized in 2 manner that reflects
their physical causes and arrangement. The FPS coatents are organized by processes of both
aggregation and segregation — aggregated so that elements having a commoan physical origin are
associated, and segregated so that physically distinct regions are distinguishcd.

The task of imposing organization on the RPS is prodigious, and seemingly open-ended
(in that even simple spatial relations such 28 global connectedaess, closure, and inside-outside
require considerable computation for even small collections of elements, and would be com-
binatorislly prohibitive to compute across the RPS [Ullman, 1984]). It is therefore not clear
which basic organizing processes are performed routinely to generate the FPS from the RPS,
but it is probable that certain, computationally tractable spatial relations, particularly collinearity
and parallelism, are detected in the RPS over at least moderately global spatial extents. Col-
linearity and parallelism are singled out here as representative of simple geometric relations that
are extracted early in vision, and which constitute part of the FPS. They are likely computed
preattentively since they are compellingly apparent in patterns that are presented briefly under
experimental conditicns such that the given stimulus structure cannot be predicted.
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8.2.1 Constructs for Indezing and Representing Selection

T

5
r.

The familiar grouping phenomena associated with dot patterns likely reflect organizing processes
that impose organization on the RPS. When a row of dots emerges as a dotted line, for exam-

(]

ple, the visual system has grouped those dots into a new ‘‘emergent’’ organization. The ques- ~
tion we have posed thus far is whether the tangents to the dotted line along its length are N
‘‘detected’’ by receptive fields or ‘‘constructed’’ as local pairings between adjacent tokens.
More generally, these perceptual grouping processes must impose organization that accurately
teflects the structure of the visual scene. A simple case concerns adjacent edge segments that N
are collinear, contiguous, and similiar in contrast, color and other properties very likely
correspond to adjacent physical events. Their common association is clear, and various means
are readily suggested for tracing the continuous curve. But the correct grouping is less obvious .
when edge segments are not contiguous, as when interrupted by interposition of other opaque
surfaces, or when the contrast vanishes along a curve due to variations in the background -
intensity. The general expectation is that the visual system determines the correct association
partly on the basis of similiarity of various attributes. The argumeant, of course, is that physi-
cally related intensity changes are iikely to be similiar along various dimensions {both spatial,
such as orientation, scale, sharpness, direction of motion, and contrast distribution, and non-
spatial, such as color and intensity). This sketch serves our immediate purposes; we can now ?’_
relate the place token hypothesis to the problems of imposing organization on the RPS. :

To impose any structure on a collection of elements on the basis of their geometry and
attribute similiarity, requires two basic computational abilities:

i) A menns to address or index elements by position and by attribute,

ii} A means to represent the selected subset of elements.

In other words. 2n access mechanism is need to index individual elements out of a set. The

particular access mechanism can remain unspecific for now; important is the notion of filtering

or selecting a subset of a collection according to sonie criterion or criteria. For instance, it f:j~
seems reasonable to expect the visual system is able to access edge segments of a specific orien- o
tation range (say, roughly vertical) within a specific spatial region, or to select any and all ele-
ments moving to the right, and so forth. (We will discuss selection more below.) In addition to
an access mechanism that allows extraction of a given subpopulation, it is also necessary to
represenst these distinguished elemeants as 2 cohesive entity. In concrete terms, when a line of
collinear dots appears to stand out from the random arrangement of background dots, there
must have been a selection step, to extract collinear dots, and a new construct introduced to
represent thein as a single entity. The spontaneous organization of a dot grid into paralle] rows _‘- <
or columns cannot be accounted for merely in terms of receptive field mechanisms (even

assuming such mechanisms do detect the individual rows or columns). The local evidence for :::

each individual row or column must be extracted and grouped into distinct ensembles.
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There is peed, therefore, for a means for accessing elements by attribute and positiva and
for addressing neighboring places where similar intensity chances occur. We suggest that (i)
place tokens provide this facility, and that (ii) virtual lines make explicit the spatial relationship
between similar tokens.

8.2.2 The Scales of Intensmity Change and of Siructure are Independent

A new perspective on structure detection is provided, we believe, by the following premise:
that the scale of geometric structure is independent of the scale of the intensity changes that
comprise it. Thus, for example, global organization is not necessarily carried by the more glo-

3 bal features. Line segments detectable at the finest scales of resolution (present in only the
: very high spatial frequencies) might be arranged collinearly or in paralle]l striations that is
b detectable only by examining these elements across a spatial scale an order of magnitude larger
5 than their component spatial frequencies. We see two distinct tasks, therefore, in detecting
E, intensity changes across spatial scales, and in detecting structure across spatial scales. It is clear

that intensity changes may occur at several scales within a given spatial area — minute edges
A and markings might be superimposed over large-scale intensiiy features. Likewise both fine-
F scale and larger-scale structures might superimpose within an image, such as found in the tex-

ture of a herringbone fabric. At a small scale are thin lines corresponding to the individual
fibers, at a slightly larger scale the parallel diagonal siriztions characteristic of the herringbone is
present, and at a larger scale their vertical organization into columns is apparent. At a still

larger scale oae might observe folds and creases across the {abric.

As we have found, the extraction of a structure at any scale seems largely independeat of
the scale of the individual elements. We will use that observation as part of our case for the
place token hypothesis, as it is difBcult to reconcile such results with the simple cell model. But
more generally, there are geometzic rolationships that require both acute sensitivity to position
information and scale independence (which usually act in opposition). The resulting apparent
organization is not captured by any single scale of image description. Rather it appears neces-
sary to generate distinct structural assertions that make explicit or summarize the local
geometry. We thus return to the idea that local geometric organization emerges by synthesis,
not by detection. The general conclusion we draw is that structure computations need to be
considered less from the point of view of the familiar ‘‘feature detectors’’ such as simple cells,
such a8 correlations or cooperative computations that sharpen their effective orientation tuning

curves. We will close this discu: .on witu some suggestions.
3.3 Alternative Models

If the constituent elements in some geometric grouping are not explicitly marked, their local
arrangemnent must be delected from their avernged spatial distribution, usually phrased in terms
of blurring (low-pass filtering) or energy summation within elongated receptive ficlds. For
example, a sufficiendy-closely spaced pair of dots, or a chain of collinear dots, has a powsrr

spectrum similar to that of an isolated line segment for spatial {requencies less than 1/s, wher»




s is the dot spacing. The dotted line is thus roughly equivalent to a continuous line having
equal total energy as stimulys to a linear summation mechanism, such as the receptive field

organization of an even-symmetric, ‘‘bar-detector’’, simple cell.

Glass proposes that the local crientation is derived by correlating the activity of simple
cells over small neighborhoods [Glass 1969; Glass & Perez 1973; Glass & Switkes 1976; Glass
1979]. Zucker [1983] similarly proposes a cooperative computation whereby the broad orienta-
tion tuning curves of individual receptive fields can be sharpened by combining the outputs of
individual cells over local neighborhoods. By such proposals, simple cells whose elongated,
bar-shaped receptive fields align with the dot pairs would respond more vigorously, on average,
than those cells at other orientations, hence local correlation (or similar computations) of their
activity would reveal the orientation of the dot pairs in cach vicinity. Similarly, Caelli and
Julesz [1978] suggest that linear arrangemeats of dots in texture are detected by neural units

.

with elongated receptive flields applied to the retinal immage, either ‘‘a single neural featyre
extractor of the Hube)] and Wiesel type'’, or a unit that '‘measures the quasicollinearity of adja-
cent dipoles by combining single neural vnits of a retinai neighborhood with slightly different
orientation sensitivity’’ [Caelli & Julesz 1978, p. 172; see also Caelli et al. 1978; Julesz 1981].
Recently Prazdny [1984] also suggested thst the dot pairings in Glass patterns are detected from
‘‘...measurements in the spatial and energy domain rather than logical operations on symbolic

descriptions’’.
3.4 Dot Pattern Phenomenclogy and Pitfalls

A deceptively simple dot pattern that has become popular for examining grouping phenomena
is the Glass pattern [Glass 969]. Glass patterns (figare 1) are constructed by superimposing
onto a random dot pattern a copy that has been transformed, e.g. by scaling or rotation. Each
dot and its transformed counterpart in the superimposed copy defines a dot pair. If the copy is
scaled, say, a globally radial pattern emerges, where the dot pairs are all radially aligned. The
dot pairs have been characterized as tangents or vectors, and it can be shown that the apparent
overall organization emerges from the local orientation of individual dot pairs [Stevens 1978).
{A pure rotation or scaling would result in dot pairs of variable separation across the pattern,
and 28 a result the apparent grouping would depend on where one fixated. This is easily
avoided by generating Glass patterns with homogeneous displacements between corresponding

dots in order to have the pairs equally apparent across the pattern [Stevens 1978].)

W_ .- the visual eflect in the Glasa pattern seems to arise from the detection of local dot
pairings, there are clearly other factors than the dot pairs themselves contributing to the
apparent organization, principally inhomogeneities in dot density that arise as artifacts of the

process of generating 2 Glass pattern, as discussed below.
8.4.1 Large Scale Clusters and Denuty Inhomogeneitics Dominate

When Glass patterns ure used to test theories of dot groupiag, there is a tendency to concen-
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Figure 1. A radial Glass pattern based on a homoge.:eous density dot pattern, with homogene-
ous dot displacements.

trate on the subjective pairing of dots, and to attribute perceived global organization to the
locally detected pairings or dipoles. Unfortunately, Glass patterns, by the way they are gen-
erated, tend to accentuate density inhomogeneities along the local transformation direction
[Stevens 1978]. If n dots in the original dot pattern happen to align along the direction the
copy will be translated, the resulting pattern will have 2n collinear dots. This results in chzins
of four, six, or more dots as well as the simple pairings of dots, if not controlled for. Further-
mote, inhomogeneities in dot demsity, which appear as clusters or voids, are selectively
enhanced in the direction of the local transformation by the same process, resulting in an
eccentuation of the houndaries of the clusters and voids along the same path as the individual
dot pairs. Figure 2a, for example, shows a conventional Glass pattern of moderate densi‘y and
dot disj;lacements, built from a random dot pattern. While in figure 2a the concentric organiza-
tion seems carried by the dot pairings, in figure 2b the dispiacement is so large that the pairings
are no longer apparent but nonetheless the overall effect is still apparent. Clearly the low spa-
tial frequency components in this pattern are responsible for the apparent organization, and the

dot grouping phenomena are secondary.

When dealing with Glass patterns, therefore, it is necessary to make dot density as homo-
geneous as possible to avoid clusters and voids. We use “‘hcmogeneous density’’, (constant
nearest-neighbor distance) dot patterns to minimize these effects. The corresponding Glass pat-
tern (figure 2cj presents clear dot pairings, which is largely cxtinguished when the correspond-
ing dos no longer appear paired (figuce 2d}.
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Figure 2. With a random basis p::tern, low spatial frequency etiects arise even when the dot

-

pairings are no longer evident (compare organization in 4 and b). In contrast, ¢ and d show
how the organization in 2 homogeneous-density Glass pattern i~ carried by the pairings and not
the low spatial frequencies.
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8.4.2 Global Organizations may Dominate over Local Pairings

When examining the psychophysics of local dot pairings, it is important to factor out certain
global efects that confound the local judgmen’s. In particular, we bave fourd that Glass »at-
terns having foci (such as spiral, radial, 2and concentric patterns) have a more striking impres-
sion of organization than a pure translation pattern. The global impression might well derive
from factors other than the appareat local groupings or dot pairings, as just discussed. Hence
when using such patteras, the psychophysical judgment of global organization {having subjects
distinguish radial versus concentric, for example) might not reveal the local pairings. Since the
current concern is how attribute similiarity in8uences local groupings, we use simple translation
patterns for which the global organization is merely parailelism among the individual dot pairs.
Later we return to the question of the eflect of global organization (see below).

We have also used a pattern, due to Marroquin [197€], which exhibits considerable global
organization (figure 3). This pattern has proved uvseful for examining global grouping tenden-
cies, and in our virtual line modelling, has suggested the presence of long-range processes that
detect collinearity among relatively isolated dot pairs. The Marroquin pattern is generated from
a square dot grid and two superimposed copies, one rotated 60° and the other 120 ° relative to
the original. All rotations are about the center dot of the first pattern. One may observe in this
pattern various types of geometric organization, including circles, rectangles, and more compli-
cated shapes. The pattern also exhibits clusters und voids.

3.5 Evidence for Place Tokens

We will discuss two types of evidence for place tokens. The first concerning the independence

Figure 3. Marroquin pattern.
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of the apparent groupings from the spatial frequency coatent of the patterns. Geometric organ-
ization can Le seen in patterns thai are devoid of low spatial frequencies, which is diflicult to
attribute to receptive fieild mechanisma. The second evidence is provided by demonstrating that
organization on discrete items is dictated by the :imilarity of their properties, again contrary to
that predicted by linear energy summation models. The apparent indepcndence of grouping
processes from spatial frequency content and the importance of attribute similiarity provides
evidence for place tokens.

8.5.1 Patterns Devoid of Low Spakial Frequencies
Balanced Checkerdoard Dots

It has been shown by Carlson ef sl. [1980] and Janez {1934] that virual groupings can still be
seen in high-pass spatial frequency filtered patterns. Their interpretation is that detection of
linear features by low spatial frequency tuned chacnels is not a sufficient explanation for visual
groupings, and that some more abstract method is also involved in grouping the discrete items
into perceived wholes.

in a similar paradigm, we have examined Glass, Marroquin, and other patterns composed
of discrete items that have only very high spatial frequency. The individual texture items are
each composed of nine pixels arranged as a 3x3 black-and-white checkerboard with the center
pixei the same grey value as the background grey. (Figure 4 show: the configuration). An
individual balanced-checkerboard ‘‘dot’’ is intensity-balanced with the background, such that it
has subjectively zero average contrast. The background grey is chosen to match the average

Figure 4. Glass pattern in {4) composed of balanced-checkerboard dots { ) and thereby devoid
of low spatial frequencies.
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luminance of the black and white, such that when viewed from sufficient distance the entire
pattern appears a featureless grey. For observers that are moderately dark adapted, the indivi-
dual dots are just visible when they subtend approximately 2.2° of arc (each pixel subtending
roughly .7° of arc). This scheme provides an advantage over dots that are spatial-frequency
filtered or dots with Laplacian or difference-of-Gauesian intensity distributions, in that they
present minute but sharp, high contrast detail.

We examined homogeneous-displacement Glass patterns where the underlying dot pattern
has constant nearest-neighbor distance thereby providing a pattern of well-spaced, isolated pairs
of dots, each separated by a controlled distance (see [Stevens 1978]). When balanced-
checkerboard dots are used and the pattern is flashed for 200 msec with 1:asking the local
organization is visibly apparent. The dots cannot te resolved beyond a few degrees eccentricity,
hence the pattern appears a homogeneous grey except in the vicinity of the direction of gaze,
where minute contrast detail is apparent. Because the balanced-checkerboard dots are viewed at
the limit of visual resolution, the pattern appears to scintillate in the parafovea. These dots that
are clearly visible in the vicinity of gaze appear paired, and the pairs in the vicinity appear paral-
lel. The impression is similar to examining the equivalent Glass pattern composed of regular
dots instead of balanced-checkerboard dots.

This pattern in and of itself poses problems for the hypothesis that the dots pairs are
detected by simple cells with bar-shaped receptive fields, in the same manner as the demonstra-
tions by Carlson ef al. [1980] and Janezr [1984]. The argument is that the stimuli have
insignificant power in the range of spatial frequencies at which a correspondingly scaled simple
cell would be expected to respond. More quantitatively, we found that the impression of local
organization is apparent when the dots in each pair were separated by at least 30 “of arc. Larger
separations of as much as 1° can be tolerated, but the resulting patterns are so sparse that one
can resolve only a very few pairs and the impression of preattentive groupings is less compel-
ling, although the task is still performed with short presentation and masking.

Can this very large separation reiative to the spatial frequency content be recoaciled with
the very high spatial frequencies presented by the pattern? If not, it would appear safe to con-
clude that the perceived pairings between dots arises from mechanisms other than cortical sim-

piz cells.

First. consider how a single balanced-checkertoard or DOG dot would stimulate retinal
ganglion X-cells of differing central excitatory region diameter w. Ap (on-center) X-cell with: w
somewkat smaller than an individual pixel would be maximally stimulat~d when variety located
on a white pixel, since the white pixel would £l its excitatory center aad black or grey pixels
would fall into its inhibitory surround. Larzer X-cells would receive progressively weaker
stimulation, and those with excitztory centers somewhat larger than an entire balanced-
checkerboard dot would produce insignificant response due to the cell's linearity within this
range [Enroth-Cugell & Robson 1966; Movshon ef al. 1978]. This suggests that these dots are
detected by receptive fields smaller than Wilson & Bergzen's [1979] proposed N channel (v =

F IR A S L P WP TR PR, VU R RO R PO R P T T Y




4.4 of arc), more on the order of the 1.3” of arc channel proposed by Niarr et al. [1980]. The
1.3 of arc channel presumably corresponds to midget ganglion cells, each receiving excitatory

input from a single cone.

Consider next the functional organization of a typical oriented simple cell of bar-shaped
receptive field (e.9. a S, cell {Schiller et al. 1976]) with :ecificity to a bright bar (assume the

pattern counsists of luminous dots). The elcngated excitatory subfield receives on-center LGN
X-cell input, while the flanking inhibitory subfields receive off-center input. The critical ques-
tion is whether, in human vision, one finds bar-shaped receptive fields which summaie LGN
X-cells having w approximately 1.3°of arc over excitatory subfields as long as 30-40 “of arc (i.c.
over 20 times longer than its width). Negative evidence is provided by the psychophysics of
adaptation to gratings and of orientatioa discrimination in bars. The evidence provided by sin-
gle cell neurophysiology, discussed below, is more equivocal.

First, in adaptation studies, the summation area over which one finds threshold elevation
is spatially limited to an area the size of which is reciprocally related to the spatial frequency,
ie. roughly 10 periods in length or width [Howell & Hess 1978; Wright 1982]. The area of
functional summation is reciprocally related to the spatial frequency over a large range (4-32
c/deg) of spatial frequencies. This would predict a summation area of roughly 13 of arc for a
channel driven by ganglion cells with w=1.3"0of arc.

Similar results are found in stadies of orientalion semsitivity to small bars [Andrews
1967a, 1967h; Vassilev & Penchev 1976; Bacon & King-Smith 1977; Scobey 198Z]. They con-
clude that the receptive fields in human vision that provide information about line orientation
have a maximum length of about 9° of arc in the fovea These resalts are directly relevant to
the current question, since the stimuli are typically thin bars (2 of arc width), on the scale of
channel that would be responding to the detail within the balanced-checkerboard dots. Burton
& Ruddock [1978] have also shown that the threshold elevation effect is length selective when
the (bright) bar length is less than roughly three times the bar width. The above studies jointly
point to the conclusion that in human vision the receptive fields of the relevant scale are too
short to span widely separated checkerboard dots and still be seusitive to the very high spatial
frequency content that makes them visible against the background grey.

Turning to neurophysiology, the data are not as conclusive, as one might expect. Con-
sider the dimensions of the receptive fields as mapped conventionally. The minimum width of
the central excitatory region is probably the diameter w of the constituent LGN X-cells {Hubel
& Weisel 1962, 1968|. The overall dimensions of siraple cell receptive flelds, as conventionally
mapped in monkey fovea tend to be somewhat longer than they are wide, from 1/4° by 1/4° to
1/2° by 3/4° [Hubel & Weisel 1962, 1958; De Valois et al. 1982]. Within this overall extent,
the central excitatory regions are commonly not more than 4w ! ing; for example, Poggio [1972]
reports, {or monkey simple cells in the foveal region, receptive field lengt.; between 6-24° of
arc (divide by approximately 1.8 for human). On the other hand, Schiller et al. [1976, figure
17] show evidence for simple cells that have increasing response as the length of the bar
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stimulus increases up to the 6.4 degrees examined {in morckey, at 2-5° eccentricity, therefore
one should divide by roughly 4 to compare to human foveal). The evidence from direct recep-
tive field mapping would suggest that foveal simple cell receptive lields of 30" do not exist in

human, but is not conclusive.

Despite the variety of sizes of receptive field that have been mapped in monkey, the
psychophysics suggest that in the human visual system the central fovea has a limited range of
size of receptive fields that affect spatial frequency adaptation and orientation sensitivity.
Hence the balanced-checkerboard dots and the similar demonstrations by Carlson et al. {1980}
and Janez [1984) show that at least part of the process of detecting collinear (line-like) organi-
zation involves explicit groupings on place tokens. It is not enough to detect their organization
by spatially blurring the distribution.

Difference- of- Gaussians Dots that Scale with Eccentricity

We next examined whether patterns devoid of low spatial frequencies are eflective in producing
a global impression of organization. The balanced-checkerboards are so minute as io not be
resolved in the parafovea, hence only a small region of the pattern could be discerned at any
moment. One could not gain an appreciation for the global organization, of course, given such
a restricted effective field of view. Hence we changed from balanced-checkerboard dots to
difference-of-Gaussian (D OG) dots, as Carlson et al. [1980] used, where the size of the dots
scale with eccentricity along the lines used by Wilson and Giese {1977].

We developed the capability to display a dot pattern with DOG dots whose size varied
linearly with eccentricity. The pattern would be viewed from a predetermined distance, a
fixation point was provided, and the pattern of DOG dots would be shown against a grey back-
ground. The scaling function was calibrated such that all DOG dots were equally visible when
holding one’s gaze at the fixation point, and from a slightly greater viewing distance no DOG
dots were visible at any eccentricity.

We found that a Glass pattern of sczled DOG dots preseanted global organization in much
the same manner 28 a conventional pattern. The radial or concentric arrangement, for example,
was apparent in short presentations, even though the individual DOG dots were just discernible
against the background grey.

$.5.2 Ezamining Simiarity Grouping

We wish to show that a set of attributes controls the grouping of dots in an image. This set
includes color, intensity, size and orientation. We show that each of these attributes is indeed a
factor in the grouping process by demonstrating a rivalrous dot pattern, in which only the attri-
bute in question varies between the two patterns, and the visible pattern follows the similarity
of that attribute.
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After establishing the ability to group dcts on each of the attributes we pit each attribute
against each other attribute to test their relative stren¢ths. This can be done by embedding two
patterns where each is made up of dots having one or the other attribute.

Finally we show the efect of inw~dacing global organization into the rivalrous dot pat-
terns. We use several such organizations, each defined by displacing each dot relative to a focal
point. For example, by displacing e=ch dot 2 fixed angle relative to ~ focal point a global organ-

ization of concentric circles is induced.
Rivalrous Glass Patterns

Our basic paradigm for examining siiniliarity issues is to generate dot patterns in which two,
differently-transformed, copies of a dot pattern are euperimposed over the original. Each dotin
the original pattern therefore might pair with two corresponding dots; the pattern is rivalrous
(figure 5). DBy displaying the superimposed dots with differing color, intensity and displace-

ments relative to the original dots one ¢an pit, for example, intensity similarity against proxim-
ity. This rivairous pattern was introduced in [Stevens 1978} to demonstrate the basic role of

similiarity in the perception of dot pairings, which is being reiterated and extended here.

Because of the strong influence on the apparent local organization induced by certain glo-
bal organizaticns we use simple translation patterns. That is, both superimposed copies are
simply translated relative to the original by a fixed amount in a fixed direction. Also, we use
diagonal translations to avoid the known biases towards the vertical and horizontal. The basis

dot patterns have homogeneous dot deneity, for reasons discussed earlier.

The rivalry between the different organizations in these paiterns was tested with a masked
tachistoscopic presentation for acnrate results.

Prozsmity and Intensity Simdianty

We esteblished that intensity and proximity diferences were sufficient to define pairings in
rivalrous dot patterns. In figure 6a the umpreesion is of diagonal lines leading upward to the
right — the pzirings are between dim dots rather than either combination of bright and dim
dats. There is 3 preference for grouping dots of equal intensity even if there are adjacent dots
of greater intensity. This eflect, originally reported in [Stevens 1978] is strong evidence against
linear-summation receptive field models, which would predict pairings between dim and bright
dots, not between dim dots. Prazdny {1984, p. 474] was unable to replicate this resuit. He pro-
vides demonstrations where the global organization (radial vctsus corcentric, for example) does
appear ro coincide with the dim-bright pairings. from which Prazday concludes the orguaization
is extracted by operations in the energy domain. Such judgments of global organization, how-
ever, ate influcnced by low spatial frequencizs. Recall the low frequency effects demounstrated
in figure 2, wherein the overall Gestalt may be apparent even when the local dot pairings are
not — the overall effect is likely derived frorn energy measurements. Put since ws are con-

cerned with local organization, we uze homogeneous-density dot patterns, translation rather
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Figure 5. A homogeneous dot pattern with two translated dot pattern results in a rivalrous
Glass pattern.

than scaling or rotation, and ask subjects to judge the apparent local organization, not the
overall Gestalt, all for reasons discussed earlier. Under these conditions, which we believe
more accurately reveal the local phenonema, the pairings are based on similarity measures, not

energy (ligure 6a).

A « . . . . B
Figure 6. Similar intensity dots are paired, even when dimmer (a) and not nearest neighbors
(¢).

) PR
, . .
| PRy ™ q P

T et Tt P T . . . o et e e . . - .
o e (T et A . L R . PP I ot e T e R S .
P R AT . L S e e a e e e R a  a a Ya e e ta es e  e W




75

There is a well-known preference for pairing dots that are nearest neighbors. The inten-
sity attribute, however, is stronger than that of proximity since in most casss when intensity
and proximity are pitted against each other the pairing is between the dots of equal intensity
(figure 6b). This pairing can be disrupted if the third dot is much brighter and nearer than the .
dots of equal intensity. This is possibly due to the apparently global selection of bright dots "

over dim dots. o
Color Simianty

Color similarity appears to be the stroagest attribute for pairing place okens. It is easily esta-
blished that equal color establishes pairings in the rivalrous patterns. In fact, it is difficult to
find attributes that will override the pairing established by equal color. To create a prefercnce
for intensity over color the difference in intensity must be great and the pairing must be - >
between the high-intensity dots. We found that there is always a preference for color over
proximity which agrees with our earlier findings that proximity was a weak attribute. We also
found that we could pit equal color against small differences in intensity proximity and size and
still prefer the pairing of the equal-colored dots.

Orientation Similanty

Orientation is another attribute used for grouping. To introduce an orientation into the rival-
rous patterns we substituted short narrow bars for the dots. Bars were oriented at 45° and 135°, e
With other attributes held constant pairing was on the basis of equal orientation. This pairing »

could be defeated by introducing another attribute such as color or intensity. If the bars of fi;:
t equal orientation were also collinear the pairings were much stronger and required great :;:.'
differences in color or intensity to establish the alternative pairings.

I Bars can also pair with dots. In fact the dot-bar pairitg can be prefered over the bar-bar -
or dot-dot pairings. With triples containing two dots and a bar, cclor, intensity or proximity '
similarities are enough to establish the dot-bar pairings. With triples containing two bars and a

dot the same conditions 28 above can establish the dot-bar pairings unless the bars are collinear. ‘..-'j”.-

In this case large color or intensity diflerences are needed. In the case where the bars are of

g7

equal orientation but not collinear the amounts of difference in intensity, color, or proximity
must be greater than if the orientations were not the same, but a change in a single attibute is
sufficient to change the pairings.

Effects of Global Organization

We mentioned earlier the strong eflects introduced when the dot pattern hes a global organiza-
tion. TkLe rivairous patterns used above had global organization but of a weak sort. The organi-
zation was that of parallel lines in a right or left diagonal depending on which dot pairings were
seen. The organization was weak and the two possibilities equally likely so thut no bias was
introduced due to global organization. The following patterns however offer competing global
organizations of varying strength. Figure 7a shows a rivalry between a translation and a radial
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pattern. One dot in each triple is translated, as in the previous patierns; the other is trans!ated
radially away fromn the center of the image. The displacement is the same in both cases. The
dominant impression is of radial organization, cven in Figure 7b where intensity similiarity
would suggest the translation pattern (as was the case in figure 6).

A stronger global organization than the radial patiern is that of concentric carves around
some focal point. Figure 8 shows rivalrous patterns where the translations are radially away
from the center and throagh an arc relative to the center. The impression is of concentric cir-
cles in all cases. The pairings that result in the concentric circles resist changes in intensity,
proximity and color. Even when the initial impressica is of radial lines, that is when there is

Figare 7. Examples of rivalry betweea pure tran:lation and radial patterns.




'."""f:‘)'VIT‘f'I“.‘ BN M e Y i e A S AR At i Sl A A IR e e i b A A S Al S Al el AadCEE i Bt Anl il il el At Aok

7

enough similarity in the radial direction, one can attead to the concentric circles and reverse the
:; pairings.

An even more striking rivalry is made by using triples of points forming an cquilateral tri-
angle with one side of the triangle oriented in either the radial or the concentric direction. Fig-
ure 9 shows this rivalry with the triples oriented in the radial direction. In figure 9a the dots
forming the radial lines are brighter than the remaining dot. The radial pattern is visible
although the competing spiral lines are aiso visible. In figure Ob 2ll the dots are the same inten-

3 sity and the radial line are virtually impossible to see.

Figure 8. Examples of rivalry between radial patterns and concentric patterns.
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Figure 9. Examples of rivalry between radial patterns and spiral patterns.
3.8 Extracting Structure o
3.6.1 Attribute selection .
One of the principal computational problems of the primal sketch is to construct descriptions of :f
global organization on the basis of local evidence. The task must be achieved, at least in part, f.-
by ‘‘bootstrapping’’, as it were. An issue is how to initiate this process. Marr [1982, p. 47| -
observed that o

The items generated on a given surface by a reflectance-generating processing 2cting at a given
scale tend to be more similar to one another in their size, local contrast, color, and epatal or- .
ganization than to cther items on that surface.
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As a strategy for detecting structure, we suggest that this cbservation can be inverted in the fol-

lowing way. Similarity and structure are generally correlated, i.e.

The items at a given scale that are similar in size, local contrast and color tend to have

a common spatial orgaaization.
That is, (geometrically) structured intensity changes are probably similar along various (non-
geometric) attribute dimensions, while uncorrelated intensity changes, such as those arising

from different physical canses, are aot expected to be simitar except by coincidence. Hence:

Similar intensity changes in any jocality are likely to be structured as well. A good
place to look for geometric organization is in those subpopulations defined by similari-

ty.
Thus as an early step in the bootstrapping process of extracting structure w= suggest the visual
system seeks evidence of similarity in various non-geometric dimensions to partition the inten-
sity changes into subpopulations which are subsequently analyzed for geometric organization.
And the more similarity shared by a set of elements (edge segments, say) the more likely they
are physically correlated, clearly.

Evidence for similarity is therefore sought by examining the spatial distribution of values
of certain attributes (such as color, contrast, and so forth). A prominent band or peak within
the distribution is likely to reflect sclated items. In terms of feature maps, wherein properties
are mapped out in distinct representations, one might expect analysis of individual maps, with
perhaps mutual support across maps. Recalling the carlier discussion of selection, by this pro-
posal a distinguishable ‘‘signal’’ in any selectable atiribute may initiate the bootstrapping.

8.8.2 Virtual lines represent pasrings of selected itemnas

Having selected a sub-population of elements of similar attribate, individually represented as
place tokens, their local arrangement must be represented. Virtual lines could make explicit a
pair of locations, an angle, and potentially a length. Local operations on virtual lines would
then begin to build geometric relations among tokens. Parallelisin, as among dot pairs in the
Glass pattern, could be detected by selecting those virtual lines that share the same orientation

as the prominent virtual line orientation within a given spatial region [Stevens 1978]. Note the

repetition of \he general theme of computation, selection, computation, ... Likewise, collinear-
ity, such as among the dots in the chaius also oiserved in Glass patterns, could be detected by

pairwise collinearity of the correspounding virtual lines.

Virtaal lines appear to be piecewise-linear constructions spanning the selected place
tokens, not continuous curves (e.g. splines). This observation poses a particularly ckallenging
issue for aigorithms that construct virtual lines, because the connections or lines that are to be
constructed need to connect those neighboring tokens that are collinear, but not necessarily iso-
lated, and not necessarily at any given, fixed, separation. We have performed computai.onal
experiments to determined the utility of constructing virtual lines by spatial blurring of place

tokens (n.b. we are not referring to low spatizl frequencies in the imnage intensity domain, but
p 4




Figure 10. Of the virtual lines constructed on a Marroquin pattern in s, those that are pairwise
collinear are selected in .

in a blurring of the discrete token array). We have foand thzt blurring schemes are successful
only for isolated pairs or chains of dots. Collinear dots imbedded in a background of extrane-
ous dots, as are the circles and squares observed in the Marroquin pattern, are not successfully
extracted by such means. Spatial blurring (whether in the image intensity or place token
domain) only cerves to find density inhomogenieties, such as clusters and voids.

From exploration of dot pairing algorithms, we conclude that the method for constructing
pairings in human vision likely has the following properties: an isotropic (circular suppnrt) for
detecting nearest neighbor to a given token, a proximity measure that scales {implicily or expli-
citly) with the density of selected tokens. (Recall that brighter dots can be nclected indepen-
dently of the number of nearer dimmer neighbors, suggesting that the groupings among these
dots occur after selection.) While dot pairings are substantiaily independent of scale, ‘‘rela
tively isolated’’ dots (compared to the mean dot density) are not paired with neighbors.

In [Stevens 1978] a simpie virtual line algorithm was proposcd in order to show that itera-
tive, relaxation or cooperative processes are not needed to extract local parallelism, as
exemplified by the Glass patterns. A local process first defines virtual lines between neighbor-
ing tokens, along the lines of {O'Callaghan 1974a, 1974b, 1975] where all neighbors within
some factor k time the nearest neighbor distance are connected. Then the virtual lines are his-
togrammed in each vicinity, resulting in a peak orientation if parallclismn is present. It is then a
simple matter to select those virtual lines that have approximately the same orientat'on as the
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local peak. The algorithm was not posed as a model for the detection of local parall:lism in
these patterns, but rather as a demonstration that a simple, noniterative computations might

serve (see [Marr 1982] for discussion).

This virtual line algorithm was applied to the Marroquin pattern (figure 102), and in a
second step, those virtual lines that are pairwise collinear to within + 20-30 * are selected (figure
10b). The algorithm is rather successful in making explicit the pairwise connectivity among
dots seen in the Marroquin pattern. Observe that the local connectivity is established by this
algorithm, and it requires only extraction of extended chains of virtual lines to make explicit
the various curvilinear and rectilinear figures seen in this pattern. The algorithm has also
applied to various random patterns including the experimental stimulus patterns Caelli ef al.
[1978; figure 4] has published (figure 11a). In figure 11b the algorithm constructs virtu:! lines
and draws with solid lines those that are pairwise-collinear

The conclusion, thus far, is that approximately collinear, neighboring tokens are visually
quite salient, and these local organizations appear amenable to parallel computation with a {ocal
support. There is considerable work needed to determine what aspects of the algorithm contri-
bute this apparent success, and to justify what is otherwise an ad hoc algorithm.
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Figure 11. Dot grouping stimulus patterns in a from [Caelli et al. 1978, 8ure 4]. In b the
pairwise-collinear virtual lines are displayed (see text).




4. THE CONCAVE CUSP AS A DETERMINER OF FIGURE-GRCUND
4.1 Introduction

Figure-ground, the process of distinguishing a figure relative to its surround, is often
exemplified by Rubin's [1958] vase-face illusion. The contours which, in one figure-ground
interpretation, comprise the silhouette of a vase, can also be seen as the edges of two faces in
silhouette. The figure-ground interpretation in such illustrations is readily affected by focussed
attention and verbal suggestion. Figure-ground presumably has a substantial preaitentive com-
ponent as well, with factors such as size, brightness, symmetry, closure, regularity, aad convex-
ity contributing to an ‘‘immediate’’ impression of figure against ground. Random texture tends
to segregate perceptually on the basis of contrast, such that the white patches might appear as
figure against the grey and black patches, or the black patches against the white and grey [ Julesz
1965; Richards & Purks 1978|. For such random texture there is a tendency to see white-as-
figure and to see smaller-as-figure [Rubin 1958]. These tendencies are balanced when roughly
0.4 of the area is black [Frisch & Julesz 1966]. Symmetry, if present in the texture, dominates
size (and contrast), causing one to prefer the symmetric forms even if larger (or darker)
[Hochberg 1964]. Still more important is convexity, which is favored over both regularity and
symmetry [Kaniza & Gerbino 1976|.

The importance of convexity in determining figure-ground is demonstrated in figure 1,
generated by placing convex blobs of various shapes at random locations. The immediate
interpretation is usually of a texture comprised of small convex objects, regardless of the con-
trast sign (compare figures 1a and 1b). Note that virtually all of the texture area (81%) is seen
a8 figure; only the small irregular fragments are seen as ground, in strong distinction to the
trend reported by Frisch and Julesz [1966]. Of course, while the placement of the blobs is ran-
dom in figure 1, the resulting texture is not random, owing to the regular, convex, geometry of
the individual blobs. For comparison, the texture in figure 2 is composed of irregular, concave,
blobs. Here the figure-ground sense is more ambiguous and exhibits the tendencies Frisch and
Julesz [1966] discussed. It is easily shown that convexity becomes important only when the
two figure-ground alternatives are spatially adjacent, so that the assignment of contour to figure
is locally ambiguous. When the same elements as comprise figure 2 are sufficiently isolated

they can be seen as figure even though they are concave.

Convexity, as a determiner of figure-ground, derives from the fact that most physical tex-
tures are composed of compact surfaces that are convex almost everywhere. They give rise to
image texture that, in general, have convex outlines or silhcuette contours. But how is convex-

ity measured and processed by the visual system?
4.2 Computational Issues

4.2.1 The Tezture Parsing Problem

Most textures are the image projections of discrete and compact physical objects. An image of

AR
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Figure 1. Figure 1. Texture perceived as small convex blobs in close packiag, independent of
contrast sign.

leaves against the bright sky, for instance, results in a mottled texture of leaves silhouetted
against a bright background. In the early visual processiag of such an image, there is presum-
ably a representation of the intensity changes corresponding to the leaf silkouettes. Locally, a
binary decision is necessary as to which side of the edge corresponds to figure. This decision
effectively parses, two-dimensionally, the set of edges into one of two possible figure-ground
interpretations. For the silhouetted leaves, the correct parsing treats the dark regious 2s figure;
the alternative (and incorrect) parsing treats 2s figure the fragments of sky visible between the
leaves. The texture elements that result from the latter parsing, of course, do not correspond
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to individual physical objects; the shape of each is generated by the placement, shape, and
orientation of the surrounding leaves.

The shape properties of the visible portion of the silhouette depend on wk :h side is seen
as figure [Hoffman & Richards 1982, 1984], and thus the visual description of texture depends
on the figure-ground interpetation. Moreover, geometric shape properties are meaniagfully
attributed only to the images of physical objects (e.g. the leaves and not the random shapes of
the interstices). Therefore, visual processes that take as input a geometrical description of
image texture (such as processes that lead to texture segmentation and recognition) depend on

Figure 2. Texture composed of concave, randomly shaped blobs in close packing. Obeserve the
figure-ground dependence on contrast sign (see text).
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first achieving the correct igure-ground parsing. The visual system has apparently developed
robust strategies for deriving texture descriptions which reflect the order, regularity and struc-
ture of the objects comprising the physical texture, and which ignore the randombness of the
interstices. Note that two explanations can be forwarded: either the visual system derives two
texture descriptions in each locality {corresponding to the two texture parsings) and selects that
which reflects the structure and recognizable shapes of the physical texture, or it determines the

correct parsing in a primarily ‘'‘bottom-up’’ manner.

The consequences of figure-ground ambiguity in texture is not widely recognized. Two
probable reasons are that we are very adept at deciding figure-ground and seldomn see reversals
of figure-grcund in natural scenes, and for synthetic textures in particular, the discrete consti-
tuent clements (the bars, dots, etc.) are usually sufficiendy separated that the figure-ground dis-
tinction i8 again unambiguous and stable. It is in consideration of natural images that the

significance of the computational problem becomes apparent.
4.2.2 Computing Convezily in Tezture

The computational problems associated with figure-ground raises substantial questions regarding
how convexity might actually be measuyred. Convexity is a global property of a closed curve,
which has several mathematical definitions, e.g. i) a straight line connecting any two points on
the curve lies entirely within the curve, iij the curve has no inflection points, and equivalently,
w) the curvature has everywhere the same sign. Note that if (i) is rephrased that a straight line
connecting any two points on the curve does not intersect the curve at any intermediate point,
then all three definitions can be applied to open as well as closed curves. Each of the above
definitions might suggest a variety of algorithms for determining convexity.

Consider a smooth arc of curve without inflection points. Assuming it corresponds to the
physical edge of a convex object, it immediately follows that the convex side of the curve is
figure. The evidence provided by curvature sign alone is very local, as if the curve were exam-
ined through a small aperature. It is akin to deciding figure-ground on the basis of contrast
sign, where presumably the lighter side of an edge is more likely to correspond to a physical
object (and the darker to be shadow or background). Just as one can demonstrate the tendency
to interpret lighter as figure one can demonstrate the tendency to interpret as figure the convex
side of a curve (see below). Since this tendency persists in stimuli that are devoid of other
relevant information, one may conclude that some measure of curvature sign is a salient pro-
perty as regards figure-ground. But we will also show that curvature sign is not the only factor

underlying the convexity preference.

The preference for convexity likely stems from several causes, all of which are conase-
quences of convex objects imaging as convex silhouettes. In addition to the straightforward
notion of curvature sign just discussed, there ar: localized events that arise where convesx
silhouvettes overlap which also indicate the appropriate figure-ground assignment. Since the
physical objects that comprise a texture are usuzlly distributed three-dimensionally in space,
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their sifhouettes ofien overlap in the image. At each point of overlap the two silhouettes con-
join to produce a sharply discontinuous concave cusp. The figure-ground interpretation of a
concave cusp is straightforward: the region within the cusp is ground, and the two componeant
arcs correspond to two physically distinct objects. The cusp point itself has no physical

significance, however, it is merely the point where they overlap from the given perspective.

The figure-ground stimuli that Kaniza and Gerbino [1976] used to show the preference
for convexity have, in addition to smoothly convex curve arcs that define and enclose convex
shapes cusp-like discontinuities in the curves. We suggest that these sharp cusps contribate
strongly to figurc-ground. The observed convexity preference is due not only to curvature sign
along smooth arcs of figures, but to the geometry of the sharp discontinuities where the smooth

arcs conjoin.
4.2.8 Figure-ground Determination and Part Boundarics

The geometry of the concave cusp suggests the figure-ground relationship across each of the
two arcs. [t also demarks a point where two distinct silaouettes intersect, the physical interpre-
tation of which is that distinct physical parts, either separated in space or abutting, project so
that their silhouette contours intersect. Not only are the two figures distinguished from their
common background, but from each other. This latter role of the concave cusp, a8 a priori evi-
dence for a part boundary, has been recognized by other reszearchers, but for a distinctly
different physical interpretation. Specifically, we are concerned with the cusp as evidence that
two convex objects partly overlap or abut; the other work has concerned parts that inter-

penetrate or join to form a common object and moreover the parts need not be convex.

The silhouette of an object composed of distinct parts generally carries information about
where the parts conjoin. Deep concavities in the silhouette outline are good candidate part
boundaries, specifically at the point where the curvature is most negative at the base of the con-
cavity [Marr & Nishibara 1978]. Hofman and Richards [1984| similarly observe that points of
minimum curvature along a silhouette curve often correspond to part boundaries, citing the fact
that for two arbitrarily shaped surfaces that interpenetrate, the locus of intersection is a contour
of concave discontinuity of their tangent planes. Consequently they propose parsing surfaces in
3-D along loci of negative minima of each principal curvature, and in 2-D, at points of negative
minima of curvature {Hoffman & Richards 1982, 1984]. Their treatment of 2-D silhouette con-
tours is derived from the 3-D case. Their proposzl results in apparently psychologically valid
predictions both for the apparent parts of surfaces in 3-D and of curves in 2-D. They define
curvature sign relative to the side of the curve that is regarded as figure (a protrusion in the
silhouette is associated with positive curvature by their convettion, and an indentotion with
negative curvature). If the figure-ground sense across the contour reverses, the curvature sign
also reverses (s0 that minima of curvature become maxima of curvature and vice versa). Since
what is regarded as a minimum of curvature depends on the figure-ground interpretauon, they

predict that the subjective parts of a curve will appear delimited by minima of curvature as
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dependent on the figure-ground sense, a prediction that is upheld in e.g. the vase-face illusion.

The interpretation of a silhouette curve thus depends on the figure-ground and assumes
that figure has been distinguished from the background. We propose the following extension:
that certain types of cusp are early a priori evidence for which side is figure, as a precursor to

subsequent analysis of the silhouette’s shape.
4.2.4 Figure-ground Interpretation of Cusps of Different Type

Not all cusp discontinuities in tangent zlong a curve can be interpreted equally as evidence for
figure-ground. Even the concave cusp as we define it has an alternative interpretation, that
being of a sharp concave physical object such as a thorn (see figure 3a) rather than a gap
between two convex objects. That either interpretation might be valid cannot be ignored, but
in the absence of other figure-ground evidence, a concave cusp more likely corresponds to two
overlapping or abutting convex objects than to a single sharp concave spike or thorn. By this
argument, the observed bias or preference for convexity reflects a statistical fact about our

visual world.

The concave cusp, formed by two convex silhouettes, is but one of six types of cusp, the
geometry of each depending on the combination of curvatures of the two intersecting silhouette
curves at their point of intersection. Since each arc may have either positive, negative, or
negligible (zero) curvature, the concave cusp is termed negative /negative and the other cusps
are: negative /zero, negative [positive, positive [zero, positive [positive, and zerofzero (see figure
3). These five cusp types are weaker figure-ground evidence than the negative/negative, and
can be rank-ordersd roughly. The negative/zero cusp is somewhat weaker, as only one convex
object would be involved, and the straight edge providing no additional information. Still
weaker evidence would be the negative /positive cusp which, by the above interpretation would
correspond to the intersection of a concave and a convex silhouette. The more probable

1 _ 2 3 4 5 6
P . s v 7 -
<:; < / / < d {\ -'/
\ ) .\\

Figure 3. Six types of cusps: 1) negative/negative curvature, £) negative/zero curvature, )
negative [positive curvature, 4) zerofzero curvature, J5) zero/positive curvature, §)
positive [positive curvature.
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interpretation of the negative/positive cusp seemingly would be a sharply pointed figure such as .'_-f
a leaf tip. Similarly, the positive /positive and positive/zero cusps are less unlikely to be part ::f
boundaries than sharp convexities in the silhouette of a single figure. Finally, the zero/zero -
discontinuity, a simple corner defined by two straight edges, is clearly the weakest evidence. !
In the following we show that the known figure-ground preference for convexity (e.g. :::
reported by Kaniza and Gerbino [1976]) derives in part from the presence of concave 4
(negative /negative) cusps. Since the concave cusp is comprised of two convex arcs, and we :_‘1

recognize that the convexity of an individual arc induces a figure-ground preference in and of
itself | we must, in the process, show that the particular geometric arrangement of cusp, and not

merely the curvature of the arcs, is effective.

' Figure 4. Asymmetric convex (sinuous) shapes vs. ssymmetric concave shapes. In g,4,c there
; is preference for the sinusous shapes due to the sharp cusps. In d,e,f there is stll a preference
for sinuous shapes but the alternative parsing can also be seen, especially in e.
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4.3 Demonstrations

Figure 4a presents a texture with two distinct figure-ground parsings. When white is regarded
as figure one sees sinuous shapes resembling coiled telephone cords; when black is figure one
sees concave shapes such as thorns. There is a preference to see the sinuous shapes, wherein
the concave cusps demark convex segments along the cords. The contrast is reversed in figure
4b, and as expected, the concave thorns, now white, may be seen as figure more readily. The
. competing contribution of contrast sign is removed in the line-drawn version in figure 4c and

the sinuous shapes are again dominant. Neither figure-ground interpretation is absolute in

figure 4a-c, however. Spontaneous reversals are frequent, nonetheless the initial impression is

generally to see the sinuous, convex shapes, and this interpretation is held the greater fraction

of the time. In figure 4d-f the pattern has been subily modificd to remove the sharp concave
I discontinuities; the figure-ground interpretation is now more ambignous. Compare the line
drawings in figures 3¢ and 4[ to observe the effect of the sharp cusps. We suggest that the rela-
tively greater stability of the sinuous (coiled telephone cord) interpretation in figure 4c over
figure 4f to the presence of sharp the concave cusps in figure 3c and their absence in figure 4f
— the change in terms of total curvature being negligible, and other factors remaining constant.

Convexity and symmetry can be placed in opposition to further increase the figure-ground
ambiguity. In figure 5a, for example, one may see white sinuous cord-like figures, as before,
where the convexity dominates. But observe that the black background shapes are symmetric,
and if seen as figure resemble strings of concave beads. The concave but symametric figures are
more readily sesen when the contrast is reversed as in figure 5b; the line-drawn version is shown
in figure 5c. In figure 6 both figure-ground interpretations are symmetric, and the tendency is
to see convex beads rather than the alternative concave beads. The convex figure interpretation
is strong even in Ggure 6d where the spacing favors the alternative concave-figure interpreta-
tion. There is still a substantial tendency to see strings of convex beads despite the wide

separation of the convex arcs that define their silhouettes. In figure 6e, where the sharp con-

W
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Figure 5. See text.
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cave cusps are slightly rounded, the alternative interpretation of widely separated strings of con-
cave beads is more readily achieved.

While an effect due to the sharp concave cusp is evident in these demonstrations, the
figure-ground interpretations are influenced by many uncontrolled factors, particularly since the
resulting shapes are two-dimensional. To further simplify the stimulus, therefore, we next turn
to one-dimensional patterns (see figures 7 and 8). These patterns, being line-drawings, remove
the influence of edge contrast on figure-ground, but are interpreted in torms of occluding edges
nonetheless. Moreover, rather than defining competing two-dimensional shapes, the patterns
of curves merely suggest a one-dimensional arrangement of overlapping edges. The local
figure-ground problem is thus reduced to determining whether the curve corresponds to a left

i

or right edge.

Figure 6. See text.
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Figure 7. The symmetrical pattern in g can be seen as a series of serrated edges that successive-

ly overlap. There is roughly equal preference for overlap to the left as to the right. The slight

cusp introduced in § causes strong preference for edges to overlap to the right.
Consider first the symmetrical pattern in figure 7a, which can be seen as serrated edges

{sawteeth) overlapping either to the left or right with equal ease. In figure 7b a very slizht con-

cave cusp is introduced by appending 3 minute line segment on the left-iand vertices, with the ;

result that one sees an arrangement of occluding edges, each partly overlapping the surface *-

below it to the right and in turn occluded by the nearer surface to the left. (This will be termed -

“‘overlapping to the right’’. The left side of each curve is seen as figure against the background ;

immediately to its right.!

The geometric arrangement in figure 7b, which influences apparent figure-ground so
strongly. is composed of straight line segments instead of continuously curved arcs (as in figure
4a). This arrangement serves us in two ways. [irst, it permits patterns to present distinct and
effective cusp-like features while controlling for contour curvature. Second, they provide
insight into the defining geometry of the cusp feature, as will be discussed later.

It was mentioned that since a concave cusp is formed by the intersection of two comvex
(positive curvature) arcs, we need to show that contour curvature alone is not determining
figure-ground. This was demonstrated, in part, by figures 4c versus 1f where blunting the con-
cave cusp adds little to the convexity but extinguishes the discontinuity, and hence, we argue,

the concave cusp feature. Also consider figure 8. In figure 8b one prefers overlap to the left

! Note that if the paiterns were oriented honzontally the jadgments of overlap direcion would be confouaded by
the independent teadency to interpret depth as increasing as one scans from botiom to top. The apparent overiap is
biased towards 1nterpreting the each edge as occluding that which lies above it (rotate dgure 7 so that the sawtooth
carves are honzoatal).
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preference for overlap to the left. The primitive concave cusps in ¢ have similar effect, and are

more eflective in short presentations.
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on the basis of convexity; note that only a slight amount of curvature is needed to produce this
bias {compare with the symmetrical sawtooth pattern in figure 8a). In .igure 8¢ the overlap is
at least as strongly biased towards the left by the straight-line approximations to concave cusps.
These cusp shapes induce a strong imprcssion of figure-ground in the absence of smooth con-

vexity. The following reports on experiments that further explores these effects.
4.4 Experiments

Two experiments were performed. The first involved subjects judging the direction of overlap,
a8 in figures 7 and 8 above. From the direction of overlap one can infer which side of the
curve wus regarded as figure. It can also be determined by presenting a probe dot on nae side
or the other of a given curve within the stimulus figure and, since the carve is interpreted as an
occluding edge, have the subject respond whether or not the dot was on the edge (figure) or on
the background. The second experiment employed this task.

4.4.1 Ezperiment 1: Directien of Overiap
Method

Stimuli: The stimuli consisted of regularly-spaced sawtooth curves as shown in figure 8, which
suggested a series of serrated edges overlapping either to the left or the right. The stimulus
configurations (figure 9) comsist*d of ten configurations: three straight-line approximations to
concave cusps {shapes 1, 2, and 3}, three concave cusps defined by continous curves (shapes 4,
5, and 6), three smoothly convex corners (shapes 7, 8, and 9) and a symmetrical sawtooth
(shape 10). Note that the basic sawtooth curve consists of either (i) a cusp feature on the left
and a sharp corner on the right, or (ii) a sharp corner on the left and a smoothly rounded
corner on the other. The stimuli were displayed as white lines of intensity 5.5 ft.-L. on a grey
background of 1.2 ft.-L., in a darkened room. The stimuli were generated by 2 Symbolics 3670
Lisp Machine and displayed on a Tektronix 680SR coler monitor.

The various sawtooth curves were composed of bitmaps. When viewed from 76 inches,
one pixel subtended 1. The .4 mm dot pitch of the CRT permitted iadividual pixels to be
resolved. The smallest continuous cusp (figure 9, shape 4) blended into the straight segment
of the sawtooth over an extent of 4 pixels {479, and the overall amplitude of the sawtnoth was
roughly 20" Note that the smallest cusp Jifered from 2 sharp corner by the additioa of a sin-
gle pixel {subterding 19. The diffierence was just visible from the subject's viewing distance.
All configurations (except shape 10 in figure 9) suggest overlap to the right. When = sawtcoth
stimulus was presented on the display, either the bittnap or its mirror reflection (about the vert-

ical) was projected in order to balance for direction of overiap.

Procedure: The subject’s task was to report, by pressiny buitocs cn a mouse {an interaruve x-v
pointing device), which direction the surfaces overlapped. The task started with a one--ccnp.
presentation of a fixation point, a cross subtending 8x8° The fixation point appeared . uret A

blank background at the location where a sawiccth curve would momentanly appew -
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Figure 9. Cusp stimuli for the experiments. Shapes 1-3 are straight-line approximations to
cusps. Shapes 4-6 are the continuously curved cusps. Shapes 7-9 are the smooth corners and
shape 10 the symmetrical sawtooth.

fixation point was placed along a given sawtooth curve at a point midway between two extrema
The sawtooth pattern was then presented for 500 msec during a training run and subsequently
at 250 msec during runs for which data were collected. After the stimulus interval or the
subject’'s response, which ever occurred first, the stimulus was replaced by a random dot mask-
ing pattern of moderate deasity chosen to roughly match the mean luminance of the stimulus
display. The subject was instructed to make rapid responses of overlap direction while muintain-
ing accuracy. Overlap direction was explained with reference to the edges of the pages of an
open book, e.g. the pages on the left ‘‘overlap to the left’’ and if the subject sees this direction
of overlap in the stimulus the left mouse button should be depressed. The response time was
measured relative to stimulus onset. The experiment consisted a sequence of 100 trials for
which overfap direction and reaction times were recorded. The sequence consisted of five
repetitions of randomized presentations of the ten stimuli and their mirror reflections. Prior to
collecung the data, subjects were given a practice run of 20 trials. The subjects coasisted of two

females and five males with normal or corrected vision; all were unpaiu volunteer subjcts.
Results

Table 1 shows the mean and individual error counts for each stimulus shape across subjects.
D ata was collapsed across mirror reflections, and the error counts for each of the 10 stimulus
shapes were computed. A judgment was regarded as an '‘error’’ if the subjective direction of
overlap did not match that predicted by the shape. Note that for shape 10, the symmetrical
sawtooth, there is no correct or incorrect judgment, but that data was included to reveal any
subject hias towards interpreting overiap o either the left or risht. The mean error would have
been 5.0 if po bias existed; the observed mean of 6.2 across subjects shows a bias towards judg-

ing overlap towards the right.
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Table 1. Error counts by subject.
Shape | A | B | C | D | E | Mean
1 01]1 0| 4 1.2
2 01212104 1.6
3 1 {31404 24
4 ojJ1]{0}{0]3 0.8
5 o0j1[3]01]2 1.2
6 0]J]0}O0}O0]S 10
7 0112 10¢1 0.8
8 0|2|4{0]0O 1.2
9 4 |2]3]13]¢4 3.2
10 71616 |71|5 6.2

Comparing the results across shape :vpe, the least mean error rate occurred with the
continuously-curved cuspe (shapes 4-6) in gereral. Comparing mean error rates within shape
or across shapes few differences reached significance. All were significantly different from
shape 10 (2t the .05 level). Within shape type there was a weakly significant trend for the error
rates tended to increase with decreasing size of the feature. Regarding the bias, note that sub-
jects A and D had the strongest bias in shape 10 but the fewest errors, and subject E, with the
most errors, had no bias in shape 10. The mean reaction times revealed no significant

differences.

Most subjects were able make the judgments both quickly and accurately with little practice.
With practice, we found that very accurate judgements were possible with very short presenta-
tion times. For example, one of the authors (AB) produced the results shown in table 2 with
80 msec presentation time. Note that shape 10 was not incorporated in this experiment.

Table 2: Subject AB (80 msec)

Shape 1 2 3 4 5 5 7 8 9

Error counts 0 1 0 0 0 0 0 0 1

Reaction times | 428 | 558 | 589 | 438 | 457 | 475 | 528 | 481 [72‘.‘

Discussion

The first point to draw from this experiment is that all shapes other than the simple corner
(shape 10) were roughly equivalent in defining figure-ground. That is, figure-grouud can be
determined on the basis of convexity in the absence of a cusp (shapes 7-9), or independently,
on the basis of a cusp in the absence of convexity (shapes 1-3). Moreover, the straight-line
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approximations to concave cusps (shapes 1-3) wers similar to the continuously-curved concave
cusps (shapes 4-6) despite their visually obvious ditferences. Vith regsrd to the size of the
cusp feature for a given shape, the error means varied little between the smallest to largest {e.g.
between shapes 1 and 3 or between 4 and 6). The smallest feature was shape 3, which differed
from a sharp corner by the addition of a single pixel, was quite eflective in defining figure-
ground despite it being barely discriminakle from a sharp corner (shape 10) at the subject’s

viewing distance.

The results for subject E are significantly different from those of the other subjects. The
task of seeing the contours as edges of overlapping surfaces was difficult for scme subjects and
required a greater number of learning trials. A few candidate subjects repcrted that the patterns
merely looked like flat, two-dimensional arrangements of lines whose corners and angles, like
arrowheads, pointed to either the left or right [or these subjects the impressicn of the
sawtooth curve as a serrated edge was not nawural. Consequently we decided to perform an
experiment in which apparent figure-ground was probed pot by direction of overlap, but more
directly by asking whether a dot presented on one or the other side of an indicated curve was
on the edge (in the figure suggested by the curve} or to the side, that is, on the background
adjacent to the edge. This second task still required subjects to hold an interpietation of the
sawtooth curve as the edge of 2 serrated surface. The sgbjects’ instruction, however,
encouraged a more local judgment of the figure-ground relationship of the probe dot relative to
the immediately adjacent curve. In reflection on the first experiment, we suspect that although
the judgement could be made locally on the basis of whether the indicated curve was a left or
right edge. the nstructions encouraged a more dilfuse, global judgement of whether the pattern
represented 3 cascading series of overlapping edges, and then to report the direction of overlap.
a task that some found difficuit. The following experiment, it turns out, produced inuch more

uniform results and required fewer introductory trials.

4.4.2 Ezpenment 2: Judging Figure-greund
Method

.
)
Stimuls: The stimuli consisted of patterns of sawtooth curves as in Experiment §. In addition, q
each stimulus was presented with an additional dot placed on one or the other side of the ‘
sawtooth curve indicated by the fixauon point. The dot would be judgzed as either on or off the g

given edge, as an independent means of probing apparent figure-ground. The symmetric f':_‘

sawtooth (shape 10) was eliminated in this experiment.

Procedure: Subjects w.re (astructed, as before, to direct auitention to e fixation point, then to
the reiatioship between the indicated sawtooth curve und the dot (which appeared randomly to
the left or right of the curve). As rapidly as possible while preservin ; accuracy the subject was
then to indicate whether the dot appeared to be on the given edge or not, by depressing a
mouse btutton. The sequence consisted of three repetitions of randomized presentations of the

nine stimuli with each of the permututions of overlap and dot position. Prior to data collection,
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subjects were given a practice run of one sequence of 38 trials; data was then collected for a
sequence of 108 trials (3 sequences of 36). Again the viewing distance in all cases was 76
inches, so that one pixel subtended 1°. Four female and five male graduate ctudents, all unpaid
volunteers, participated as subjects.

Results

Table 3 shows the mean and individual error counts for each stimulus shzpe across subjects.
Again data was collapsed across mirror reflections, and the error counts for each stimulus shape
was computed.

Table 3. Error counts by subject

Shape | A | B|C |D |EfJF |G |H]|I | Mean
1 0 0 1 1 2 1 1 1 2 1.0
2 1 0 1 1 0 2 2 0 2 1.00
3 0|0} O 4 2 1 0t{o 0.89
4 0 0|0 0 1 1 1 210 0.56
S 01010 1 0 1 1 1 10 0.44
6 0| 2 2 1 1 0 0j1 0.89
7 0 1 1 01410 0]o 067
8 olo0}]oO 0 0} 2 1 010 0.33
9 0 213 0|2 1 212 2.00

Pooling across type (i.e. shapes 1-3, 4.6, and 7-9) revealed no significant differences. Within
type, the straight-line approximated cusps {shapes 1-3) were insignificantly different, as were
the continuousiy-curved cusps (shapes 4-6). We found the convex shape 9 (having the smal-
lest radius of curvature) to be different (rom the other convex shapes (shape 8, at the .05 level
and shape 7 between the .1 and .05 level).

Discussion

Geanerally one is struck more by the similarity of the results across type and within type than
with the differences. Also, in light of the very low error rates for all conditions tested (where
the worst mean of 2 out of 12 occurred for shape 9) shows that the visual system very
efficiently uses minute evidence alopg a curve in determining figure-ground. The only
differences concerned shape 9, the smallest of the rounded corners. Seemingly, the introduc-
tion of even a slight amount of curvature to the sawtooth pattern bizses apparent figure-ground.
With reference to figure 9, note that the cnrvature is induced by only 2 to 3 pixels of ‘‘round-

ing’’ which subtends only 2-3° Likewise, the introduction of a minute cusp-like feature is
effective at nearly the limit of visual resolution, such as the single pixel in shape 3, which
amounts to a 1" tip added to convert the sharp corner to a3 minute crack-like cusp subtends a
similarly small locality.
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4.5 General Discussion

Starting from eurlier observations that convexity., a5 a general property. influences apparent
figure-ground, we have examined how convexity might te mezsured. Earlier we pointed out
(section 2.3) that convexity has many gecmetric definitions in principle, each suggesting visual
algorithms of varying tractablility and atility. We wish to emphasize here that global m~asures
of convexity, particularly those that require an isolated and closed contcur are probably inap-
propriate, and that instead local evidence for figure-ground (still based on convexity) would be
preferable.

We proposed that the concave cusp discontinuity would be a useful feature of a curve cn
which to base an early decision of figure-ground. The experiments we performed confirmed the
proposal, 1o the extent that our stimeli successfully isolate the concave cusp from the aliendy-

expected contribution of curvature convexity. We designed shapes 4-6 as representative exam-
S ples of concave cusps, shzpes 7-9 as representative examples of convexity without cusps, and
[ shapes 1-3 as examples of cusps without convexity. We designed a straiz’ t-line approximation
i to a cusp, to see if the particular local geometry, and not the curvatyre of individual curved

arcs, may induce the figure-ground decision. We foand that all three shape types were roughly
equally effective, from which we conclude that while convexity alone is sufficient (shapes 7-9),

a8 expected, so is the distinctive geometry of the concave cusp, ev~n when one contrives to

minimize the contribution due to contour curvature {chapes 1-3 a8 opposed to shapes 4-6).

Recall the arguments to this effect in the demonstrations involving figures 7.

The concave cusp seemingly behaves as a geometrically-defined feature, and while we do
not offer a concise definition, the apparent eqnivalence of the cusps composed of straight-line
segments and those composed of smooth arcs suggests the definition is rather primitive — the

component arcs need not curve continuously in the vicinity of the cusp for the arrangement to

be effective (refer back to figures Tb and 8c as well). Earlier we noted that the concave
(negative-negative) cusp is but one of six arrangements of arcs at a discontinuity of tangent
along a curve, and predicted that it should be the most effective. Variations such as those sug-
gested in figure 4 should permit 3 more specific description of what geometric aspects constitute .
this figure-ground determiner. Lﬂ
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